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Abstract
Cross-kingdom interactions shape soil biogeochemistry in natural and agricultural ecosystems
Jennifer L Kane
Microorganisms influence life on earth in innumerable ways, including in medical,
industrial, environmental, and agricultural contexts. Given the increasingly apparent
consequences of climate warming, interest in how to better predict and manage Earth’s carbon
sinks has never been greater. Soil, the largest terrestrial carbon sink, harbors an incredibly
taxonomically and functionally diverse microbial community. These soil-dwelling microbes
govern the fate of soil carbon and nutrients by cycling organic matter as they live, grow, and die.
It has only been relatively recently that technological advancement has allowed for in-depth
surveys of the vast diversity of soil microbes. High throughput analytical capabilities like nextgeneration DNA sequencing have resulted in an explosion of data confirming the importance of
microbial communities in biogeochemical cycles. Nevertheless, many questions remain
regarding microbially-mediated biogeochemical cycling in different environmental contexts
(e.g., forest soil versus agricultural soil) and under changing environmental conditions (e.g.,
warming, agricultural intensification). In this dissertation, I examine the role of cross-kingdom
interactions in shaping soil biogeochemistry under two different scenarios: 1) in a manipulated
forest soil food web (animal-microbe interactions) and 2) early Miscanthus x giganteus
cultivation on lands of varying disturbance histories using a suite of management strategies
(plant-microbe interactions). I was broadly interested in how manipulating these interactions
impacted soil carbon and nitrogen cycling and storage.
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Chapter 1 – Introduction
1.1 Introduction
There is arguably no facet of life that is free from the influence of microorganisms. The
very existence of eukaryotes (plants, animals, fungi) is intimately linked to microbial processes,
as prokaryotes were likely the first form of life on earth, appearing in the fossil record around 4
billion years ago (Nisbet and Sleep 2001). As such, it is hypothesized that the last common
ancestor of all eukaryotic life was microbial, and that evolutionary processes drove the
development of the eukaryotic cell leading to the emergence of fungi, plants, and animals (Weiss
et al. 2016). Microbes have influenced animal health, food supply, and climate since the dawn of
time. Yet, it has only been relatively recently that humans have begun to understand the allencompassing ways that microbes impact us. For instance, it wasn’t until the 19th century that
germ theory (i.e., the knowledge that microorganisms can cause and spread disease) was widely
accepted and understood following the discoveries of Louis Pasteur and Robert Koch (Gaynes
2011). This knowledge led to incredible developments in life-saving technologies, like vaccines
and antibiotics, which we still rely heavily upon today. This period of discovery regarding
medically relevant microorganisms is sometimes referred to as the ‘golden age of bacteriology’
(Blevins and Bronze 2010).
Despite this early boom in medical microbiology insight, we now know that humanpathogenic microbes constitute only a small percentage of microbial diversity. Non-pathogenic
microorganisms impact plant and animal life in arguably more profound ways than those that
cause disease. For instance, elemental transformations carried out by microbes as they live,
grow, and interact with their environment (i.e., through their ecology) largely determine
availability of resources critical to the survival of other organisms. This started to become
1

evident in the late 19th century when the work of Martinus Beijerinck and Sergei Winogradsky
revealed the metabolic diversity of microbes in naturally occurring environments like soil and
water (e.g., Winogradsky, 1893 [In French]; Beijerinck, 1913 [In Dutch]). Through his work
developing the enrichment culture, Winogradsky was the first to note the chemolithotrophic (i.e.,
rock-eating), nitrifying, and nitrogen-fixing microbial metabolisms, which have immense
significance for biogeochemical cycling (Dworkin 2012). These and many other microbial
lifestyles have proven instrumental to the cycling and storage of nutrients and carbon. Building
upon these early fundamental principles of microbial ecology, a large catalog of research
regarding culturable microorganisms has been accumulated over the past ~100 years (Waksman
and others 1927, Alexander and Clark 1965, Chatterjee et al. 1982, Angle et al. 1991). Such
research has led to remarkable innovations in harnessing microbial processes for technological
innovation (e.g., bioremediation (Wilson and Jones 1993) and industrial fermentation (LonvaudFunel 1995)). Still, culture-based work is by nature removed from natural conditions, and cannot
fully represent the function of microorganisms in natural environments like soil.
In 1953, the 3-dimensional structure of DNA was described by Watson and Crick and
was followed by major breakthroughs in ‘first-generation’ DNA-sequencing technology in 1977
by Sanger and Nicklen (1977). Sanger sequencing can determine the sequence of one organism’s
DNA, which greatly impacted our understanding of genomics. Nevertheless, Sanger sequencing
came at a great monetary and time cost, and necessitated further innovation. Sanger sequencing
was followed by ‘next generation sequencing’ technologies, which allowed parallel sequencing
of many DNA strands simultaneously using pyrosequencing, in 1988 (Hyman 1988).
Pyrosquencing technology exponentially increased the amount of DNA that could be sequenced
at once in a fast and economical way (Heather and Chain 2016). After this, more high throughput
2

sequencing techniques emerged, like bridge amplification utilized by Illumina (Voelkerding et
al. 2009). This evolution of high-throughput DNA sequencing capabilities has revolutionized our
ability to study the incredibly abundant and diverse microbial communities found in nature.
These capabilities have led to the realization that only a small percentage (~2%) of microbial
taxa are culturable in a laboratory setting (Wade 2002, Lok 2015) and that we have likely only
described a tiny amount of the total existing microbial diversity (Lloyd et al. 2018).
Alongside these incredible advances in sequencing technology, the gravity of
anthropogenically-imposed environmental impacts has become evident. Carbon dioxide (CO2)
concentrations and temperatures have been concomitantly rising since the Industrial Revolution
and the consequences are evident as rising sea levels and extreme climate patterns (Ekwurzel et
al. 2017). As such, controlling atmospheric CO2 levels to quell the impacts of climate change is
ever pressing. One avenue to address this is by managing soil carbon stocks, as soil contains the
largest terrestrial carbon pool (Scharlemann et al. 2014).
While it was historically thought that the vulnerability of soil organic matter (SOM) to
microbial decomposition (and loss of carbon as CO2 during respiration) was determined by
abiotic mechanisms (e.g., chemically recalcitrant SOM is preserved while chemically labile
SOM is decomposed; Frimmel and Christman 1988), recent paradigm shifts suggest otherwise.
Specifically, evidence is mounting that microbial processing of SOM (via association of
microbial necromass with soil minerals; Kögel-Knabner et al. 2008, Knicker 2011, Cotrufo et al.
2013) better explains the stabilization of SOM. As such, the efficiency of carbon use by
microbes (CUE, carbon use efficiency; how much is incorporated into biomass versus lost to the
environment as respiration) is intimately linked to the storage and cycling of SOM. Accordingly,
understanding patterns in microbial SOM decomposition is critical for our understanding of soil
3

carbon and nutrient cycles, and doing so using recent technological advances like highthroughput sequencing is a growing area of research. Given these pressing challenges and the
remarkable technology available to us to meet them, the current explosion in researching these
topics has dubbed by some as a ‘golden age for microbial ecology’ (Cho 2021).
Connecting microbial community dynamics (diversity, abundance, ecological
interactions) with carbon cycling processes to improve predictions of carbon cycling (Wieder et
al. 2013, Crowther et al. 2015, Allison et al. 2010, Wieder et al. 2015, Hutchins et al. 2019) is
more pressing but also more feasible than ever. However, key knowledge gaps in data-driven
research regarding these mechanisms across broadly applicable contexts persist. Accordingly,
my dissertation work utilized next-generation sequencing technologies and biogeochemical
assays to link cross-kingdom interactions to biogeochemical cycles under three different
scenarios: 1) a native forest soil microbiome experiencing selective nematode grazing, 2) the
bioproduct crop Miscanthus x giganteus experiencing nutrient additions with and without a
targeted bioaugmentation treatment in a greenhouse setting and 3) shifts in plant, microbial, and
soil parameters during early field establishment of Miscanthus x giganteus under varied nutrient
management regimes across a spectrum of land disturbance intensities.
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2.1 Abstract
Soil bacteria and fungi mediate terrestrial biogeochemical cycling, but we know
relatively little about how trophic interactions influence their community composition, diversity,
and function. Specifically, it is unclear how consumer populations affect the activity of microbial
taxa they consume, and therefore the interaction of those taxa with other members of the
microbial community. Owing to its extreme diversity, studying trophic dynamics in soil is a
complex feat. Seeking to address these challenges, we performed a microcosm-based consumer
manipulation experiment to determine the impact of a common fungal-feeding nematode
(Aphelenchus avenae) on soil microbial community composition, diversity, and activity (e.g., Ccycling parameters). Fungivory decreased fungal and bacterial α-diversity and stimulated C and
N cycling, possibly via cascading impacts of fungivory on bacterial communities. Our results
present experimental evidence that soil trophic dynamics are intimately linked with microbial
diversity and function, factors that are key in understanding global patterns in biogeochemical
cycling.
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2.2 Introduction
Organismal interactions underpin the ecological patterns and processes occurring across
the biosphere. Despite the clear significance of these interactions, the vast diversity of life on
Earth convolutes our understanding of how they influence ecosystems; this is especially true in
highly diverse systems like soil. Trophic interactions are of particular interest since they govern
the flow of energy and nutrients through food webs. The journey of energy begins with primary
production, and the resulting chemical energy can then transfer from one organism to another via
grazing, predation, and decomposition. Hence, trophic dynamics can affect food webs across the
globe (Thompson et al. 2012). A historic, ever-growing body of research is dedicated to better
understanding trophic dynamics in plants and animals (Elton 2001, Estes et al. 2011, Ripple et al.
2014, Farías et al. 2021). However, due to the logistical challenges of researching extremely
diverse, microscopic organisms, less work regarding these processes has been done with
bacteria, fungi, and microinvertebrates (Thakur and Geisen 2019).
Early studies of microbial trophic dynamics included only a few, culturable species
(Ingham et al. 1985) or selectively inhibited whole groups (Rousk et al. 2008). While these
studies are invaluable to our current understanding of microbial ecology, culturable organisms
make up only a small percentage of the true microbial diversity on earth (Rappé and Giovannoni
2003). As such, understanding trophic dynamics as they naturally occur in hyperdiverse
microbial communities is a complex feat. Consumers of the soil microbiome (e.g., fungivorous
and bacterivorous invertebrates) can directly modify the structure and function of the organisms
they consume (Ingham et al. 1985, Gao et al. 2019). These consumers can also have indirect
effects on other, unconsumed members of the microbiome as they modify species interactions
(e.g., by modifying bacteria-fungi interactions such as competition and cross-feeding; McIntire
11

and Fajardo 2014, Gralka et al. 2020). Owing to the relatively recent innovation of highresolution techniques to assess microbial community dynamics, in-depth studies of the trophic
dynamics of diverse, natural microbiomes (e.g., water, soil) are emerging. While many questions
remain, results suggest that direct and indirect trophic interactions are key in shaping microbial
community assembly, composition, and function (Schulz-Bohm et al. 2018, Koltz et al. 2018,
Freedman et al. 2021, Nuccio et al. 2021).
Soil bacteria and fungi regulate the decomposition of detritus, and thus strongly influence
the cycling and storage of global carbon (C) and nitrogen (N) stocks. Microbial decomposers
form the base of the soil food web, serving as food for nematodes and soil arthropods, among
other consumers (Thakur and Geisen 2019). Hence, it is plausible that consumers of the soil
microbes influence biogeochemical cycles. Studies surveying the functional effects of consumers
support consumer-stimulated C and N cycling (Bååth et al. 1981, Mikola and Setälä 1998,
Hungate et al. 2021). Evidence of how consumers affect microbial biomass varies, with some
studies showing no change, increased, or decreased biomass (Bååth et al. 1981, Li et al. 2004).
This suggests that grazing by higher level consumers may occur alongside other factors to
moderate microbial metabolic investments into biomass versus energy and nutrient acquisition
(e.g., resource quality, Manzoni et al. 2012). Measurements of carbon use efficiency (CUE), an
important parameter in global C cycling models, in the presence and absence of microbial
consumers may enlighten our understanding of how trophic dynamics impact C cycling (Frey et
al. 2001). Though trophic interactions feasibly shape microbial CUE (Kallenbach et al. 2019),
they are currently not considered in global C cycling models.
Experimental evidence for how consumers impact microbial community structure and
diversity is often focused on relatively simple systems (e.g., constructed laboratory cultures,
12

Saleem et al. 2012) or is based on model-predicted food web structure (de Vries et al. 2012). In
plant and animal examples, consumers can have positive or negative impacts on the diversity of
lower trophic levels (Paine 1966, Leibold 1996, Chase et al. 2002, Terborgh 2015, Katano et al.
2015, Freestone et al. 2021). Whether or not higher level consumers similarly impact microbial
communities remains understudied (Thakur and Geisen 2019). While fungi and bacteria can
negatively interact (e.g., competition for C and nutrients; De Boer et al. 2004), they can also
positively interact (e.g., facilitation and cooperation in substrate decomposition; Deveau et al.
2018). As such, results suggest that consumer dynamics can have cascading effects on bacterial
and fungal diversity and function in soil by altering species interactions (Crowther et al. 2011,
Peschel et al. 2015). The relative scarcity of research in this area limits a holistic understanding
of how trophic dynamics shape microbially-mediated ecosystem-scale processes.
To investigate the effect of fungivory on microbial community composition and function,
we constructed a simplified food web in a controlled microcosm experiment. Our simplified food
web consisted of defaunated forest soil colonized by native bacteria and fungi in the presence
and absence of a fungivorous nematode (Aphelenchus avenae). Aphelenchus avenae is amongst
the most common fungivorous nematodes found in both forest and agricultural soils (Walker
1984, van den Hoogen et al. 2020), where they are known feed on a range of fungal species
(Freckman and Caswell 1985, Hasna et al. 2007). We hypothesized that: 1) the fungivore would
stimulate respiration and nitrogen mineralization and 2) selective predation on fungi would
increase bacterial and fungal α-diversity. Enhanced diversity is expected because the consumer
may alleviate competitive interactions between and within bacteria and fungi. Our study uses a
controlled, manipulative experiment to determine how the presence of a consumer in the soil
food web alters saprotroph biodiversity and emergent ecosystem functions. This knowledge may
13

advance our theoretical understanding of microbial ecology and enable the development of more
nuanced and accurate models of ecosystem function that are informed by microbial biodiversity
and trophic interactions (Crowther et al. 2015, Grandy et al. 2016).
2.3 Methods
Soil for this study was collected from the West Virginia University Core Arboretum
(39.6460˚N, -79.801˚W). Briefly, 20 random 2.5 cm diameter cores were taken in a 5-m2 area
from the A horizon (~5 cm deep) and homogenized into one bulk sample. Subsamples were
placed at -80˚C for DNA and PLFA analysis and the remaining soil was defaunated by the
freezing, thawing and drying method outlined in Huhta et al. (1989). Soil was brought to 60%
water holding capacity and a root exudate mixture, described below, was added prior to a 7-day
preincubation to allow recovery of the native bacteria and fungi. Then, 50 g of defaunated and
fresh field soil were subjected to Baermann funnel extractions for 72 h (Baermann 1917) which
verified the absence of live nematodes in the defaunated soils.
Aphelenchus avenae (Bastian 1865), a fungal-feeding nematode found ubiquitously in
soils (Walker 1984), was chosen as the predator for our simplified soil food web. A. avenae was
cultured using the fungus Monilinia fructicola as a food source. Individuals were extracted from
plates by rinsing with M9 buffer and sanitized with 0.7% NaOCl. Nematode quantity was
estimated by microscopy at 20x magnification. Microcosms were established in ~500-mL sealed
glass jars with 40 g dry weight defaunated soil brought to 60% water holding capacity. Eight
replicates of fungivore (i.e., receiving A. avenae) and control (i.e., receiving a similar number of
heat-killed A. avenae) were established resulting in 16 total microcosms. Fungivore microcosms
received 15-30 live A. avenae individuals g soil-1, and control jars received the same number of
heat-killed individuals. Microcosms were kept at room temperature in the dark for ~4 months, a
14

period similar to that in a similar experimental design (Mikola and Setälä 1998). To mirror
natural nutrient additions, sterile leaf litter was added at the beginning of the experiment and a
mixture of sugars and amino acids (synthetic root exudates), were prepared and added at a rate of
700 ug C g soil-1 weekly (Griffiths et al. 1998). Litter consisting of white oak (Quercus alba), red
oak (Quercus rubra), American beech (Fagus grandifolia), and sugar maple (Acer saccharum)
was gathered by a litter trap at the site of soil collection. Litter was chopped into ~1-mm2 pieces,
autoclaved at 121˚C for 30 minutes, then added at 1% of soil mass.
Weekly, CO2 concentrations in the headspace of each microcosm were measured using a
LI-6400XT (LI-COR Biosciences, Lincoln, NE, USA). Following gas sampling, jars were
opened to allow gas exchange, then 0.3 mL of the exudate mixture was added. Based on jar
mass, water was added to recover any soil moisture losses. After ~4 months, microcosms were
destructively sampled. Fungivores were extracted from a 5-g subsample of soil using a
Baermann funnel (Baermann 1917) and counted by microscopy at 20x magnification. Microbial
community carbon use efficiency (CUE) was measured by adding an exudate consisting of 3.8
atom percent 13C to a 10-g subsample of soil. Total and 13C-labeled CO2 were measured over a 5day period using a LI-6400XT and Picarro G2201 (Picarro Inc., Santa Clara, CA, USA),
respectively. After 5 days, 13C-labeled microbial biomass was measured as described previously
(Witt et al. 2000, Doyle et al. 2004). CUE was calculated as 13C-biomass/(13C-biomass + 13Crespired) (Geyer et al. 2019). Total C, total N, ammonium-N, and nitrate-N were measured as
detailed in Kane et al. (2020). Total respired C was parsed between originating from the added
13

C-labeled substrate versus soil organic matter (SOM) based on the atom % 13C of added

substrate and resultant respiration assuming natural abundance 13C in SOM.
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Phospholipid fatty acid (PLFA) analysis was performed and peaks were classified by as
described in Buyer and Sasser (2012) at the Soil Health Assessment Center at University of
Missouri (Columbia, MO, USA). Gram-negative stress was estimated by dividing the quantity of
cyclopropane fatty acids (cy17:0 and cy19:0) by monounsaturated fatty acids (16:1ω7 and
18:1ω7) (Kaur et al. 2005). DNA was extracted using the DNeasy Powersoil Pro kit (Qiagen,
Hilden, Germany) and checked for quality and quantity as described in Kane et al. (2020).
Bacterial (16S V4), fungal (ITS), and eukaryotic (18S) ribosomal RNA gene regions were
amplified according to the Earth Microbiome Project standard protocols (Thompson et al. 2017).
Libraries were sequenced using the Illumina MiSeq platform (Illumina, San Diego, CA, USA) at
the University of Minnesota Genomics Center. One MiSeq run was performed to obtain pairedend, 2 x 300 bp-length reads. Raw sequence files, as well all raw data collected from our
experiments,are available via the NCBI Sequence Read Archive under accession #
PRJNA798748. Sequences were analyzed using QIIME 2 2021.4 (Bolyen et al. 2019). Briefly,
paired end reads were merged using VSEARCH (Rognes et al. 2016) and merged reads with a qscore <20 were removed (Bokulich et al. 2013) before denoising with Deblur (Amir et al. 2017).
Reference sequences for denoising and taxonomy were obtained from SILVA (version 138,
Quast et al. 2013) for 16S and 18S rRNA gene sequences and UNITE (version 8, Nilsson et al.
2019) for ITS sequences. Based on the sample with the lowest number of reads, samples were
rarefied to 2,153 (16S), 25,098 (18S), and 12,778 (ITS) sequences.
Bray-Curtis Dissimilarity (Bray and Curtis 1957), Shannon’s Diversity Index (Shannon
1948), and Chao1 index (Chao 1984) were calculated within QIIME2. Within-treatment βdiversity was calculated by averaging the Bray-Curtis dissimilarity values of the pairwise
comparisons performed between treatment replicates. PCoA axes were calculated using the
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‘pcoa’ function in the R package ape and plotted using ggplot2. Statistical significance was
determined by PerMANOVA (‘adonis’ function in the R package vegan) for PCoAs and
pairwise t-tests for within-treatment β-diversity.
Statistical analysis
All statistical analyses (α = 0.05) were performed in R version 4.1.0 (R Core Team 2021)
and figures were generated with ggplot2 (Whickham 2009). Significant differences in CUE, total
C and N, inorganic N, PLFA quantities, and α-diversity metrics between treatments were
assessed using Welch Two Sample t-tests (Welch 1947). Differences in cumulative respiration
between treatments and over time were assessed using non-parametric longitudinal analysis
(nparLD package; Noguchi et al. 2012). Linear models (stats package; R Core Team 2021) were
applied to test whether bacterial and fungal α-diversity co-varied, and whether α-diversity was
associated with CUE. Fungivore-sensitive microbial taxa were identified using indicator species
analysis (indicspecies package; De Cáceres et al. 2020) on the relative abundance of microbial
families. Response ratios (Lajeunesse, 2011) were calculated to quantify the effect of the
predator on indicator taxa relative abundance. Similarly, percent change in microbial biomass,
function and diversity was calculated as described in Curran-Everett and Williams (2015). All
raw data will be made publicly available upon publication.
2.4 Results
Soil defaunation procedures decreased microbial biomass by ~28% relative to fresh soil
(Table 1; t1,2.8=-7.05, p<0.01). Defaunation also decreased fungal α-diversity by 37% (Table 1,
t1,3.69=-23.06, p<0.01) and eukaryotic α-diversity by 54% (Table 1, t1,2.98=-29.18, p<0.01).
Bacterial α-diversity experienced no significant change (Table 1 , t1,3.99=2.54, p>0.05).
Defaunation procedures were effective in removing nematodes; Baermann funnel extractions
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immediately following defaunation and from control microcosms at the end of the experiment
yielded no nematodes. In contrast, micrososms receiving fungivores yielded an average of 42.2 ±
14.3 A. avenae individuals per 40 g microcosm.
Cumulative microbial respiration increased significantly over time (Χ211=1543.47,
p<0.01, Figure 1a) and was higher in the presence of the fungivore (Χ21=4.85, p=0.03, Figure
1a). While not statistically significant, CUE was lower in the presence of the fungivore (-13%,
Figure 1b, t1,11.19=1.8, p=0.11). When total respiration during the 5-day incubation with 13C
labeled exudate solution was parsed between CO2 from SOM and from the simulated exudate
solution, more CO2 was respired from the added substrate than SOM in the control treatment
(Figure 1c, t1,9.92=-3.12, p=0.01), while similar amounts of CO2 were produced from each in the
presence of the fungivore (Figure 1c, t1,6.67=-1.05, p=0.33). Ammonium-N concentrations
significantly increased in the presence of the fungivore (+19%, t1,7.84=-4.13, p<0.01, Table 2.).
There were no significant differences in total C, N, or nitrate contents.
Bacterial and fungal communities were altered by the presence of the fungivore as
assessed by PLFA analysis and ribosomal RNA (rRNA) gene sequencing. Total microbial
biomass did not differ between treatments, averaging 166.9±2.91 and 169.2±4.77 nmol g soil-1
for control and fungivore treatments respectively (t1,10.32=-0.39, p = 0.70). Gram-negative
bacterial biomass was 7% higher in the fungivore microcosms (Figure 2b, t1,7.86= -2.43, p<0.05).
Accordingly, the fungal to bacterial biomass ratio decreased in the presence of the fungivore,
though it was not statistically significant (-10%, t1,10.69=1.69, p=0.12, Figure 2a). The Gramnegative stress ratio decreased significantly in the presence of the fungivore (-11%, Figure 2c,
t1,10.16=2.89, p=0.02). The ratio of gram-positive to gram-negative bacterial biomass also
decreased in the presence of the fungivore (-7%, t1,7.93=3.84, p<0.0; Figure 2d).
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Analysis of rRNA gene sequences indicated that bacterial and fungal richness decreased
in the presence of the fungivore (-12% and -6%, Figure 3a, b), but this was only significant for
bacteria (bacteria t1,12.63=3.05, p<0.01; fungi t1,8.95=1.22, p = 0.25). Evenness significantly
decreased in the presence of the fungivore for both bacteria (-0.49%, t1,9.66=2.38, p = 0.04, Figure
3c) and fungi (-3%, t1,4.82=3.04, p=0.03, Figure 3d). Bacterial and fungal α-diversity were
positively correlated for both richness (Figure 3e, R2=0.29, F1,10=5.42, p=0.04) and evenness
(Figure 3f, R2=0.39, F1,10 = 7.90, p=0.02). There was no significant difference in β-diversity
between treatments for either bacteria (Figure 4a, F1,1=1.04, p=0.24) or fungi (Figure 4b,
F1,1=1.37, p=0.16). However, bacterial within-treatment β-diversity was significantly higher in
the presence of the fungivore (Figure 4c, t1,33.79=-2.98, p<0.01) while fungal within-treatment βdiversity showed no difference (Figure 4, t1,33.17=-0.61, p=0.54). Bacterial richness correlated
positively with CUE (Figure 5a, R2=0.23, F1,12=4.80, p = 0.05), while fungal richness showed no
clear trend (Figure 5b, R2=-0.08, F1,9=0.18, p = 0.68). Indicator analyses identified 11 bacterial
and 5 fungal families as significant responders, respectively (Appendix S1:Table 3,4; Figure 5).
Of the 6 bacterial responders, 3 decreased in abundance in the presence of the fungivore while 3
increased. Of the 5 fungal responders, 4 decreased in abundance and 1 increased the presence of
the fungivore.
2.5 Discussion
To resolve the effect of consumers on the soil microbial community structure and
function, we established microcosms using a wild soil microbial community in the presence and
absence of A. avenae, a common soil fungivore. We surveyed microbial biomass, community
structure (diversity, taxonomy), and function (C cycling, N pools). Patterns in functional
measures indicate fungivore-driven increases in C and N cycling, in support of hypothesis 1.
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Contrary to our hypothesis 2, bacterial and fungal α-diversity decreased in the presence of the
fungivore.
Fungivore presence had cascading effects on bacterial communities
Contradictory to our hypothesis 2, the α-diversity of both bacteria and fungi decreased in
the presence of the fungivore (Figure 3). Consumers of one type of organisms may cascade to
impact non-consumed organisms, especially in highly diverse systems such as soil where many
ecological interactions are at play (Knight et al. 2005, Peschel et al. 2015). While fungi and
bacteria do interact antagonistically (e.g., competition for C substrates; (De Boer et al. 2004,
Bahram et al. 2018)), they also engage in beneficial relationships by impacting resources that the
other can utilize (e.g., cross-feeding, McIntire and Fajardo 2014, Gralka et al. 2020). Hence,
fungivory may variably impact bacterial communities, as supported in this study by high withintreatment bacterial beta diversity (Figure 4). For instance, one study observed that high
eukaryotic activity (e.g., which may result as fungi seek to recover biomass lost to the consumer)
increased bacterial decomposition rates, potentially by providing nutrients for bacteria through
their own decomposition processes (Krumins et al. 2006). At the same time, bacteria that are
fungal endosymbionts or directly feed on live fungal biomass may be negatively impacted by
fungivory (De Boer et al. 2004). This complex interactivity of organisms has been shown to be
important in shaping the cascading, indirect response of whole communities to a consumer
(Baiser et al. 2011, Hawlena et al. 2012, Freedman et al. 2021), and may explain the effects of
fungivory on bacteria that we observed.
The decrease in fungal richness and evenness could have been driven by intense grazing
on certain fungal groups (Terborgh 2015). We observed a decrease in abundance of select fungal
groups, suggesting that some fungal groups may have been of particular interest to the consumer
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(Figure 5). Indeed, A. avenae has been observed to selectively feed on genera within some of the
groups that we identified as negative responders to the fungivore (Figure 5b; e.g., the genus
Boltrytis within the order Helotiales; Townshend 1964, Ishibashi et al. 2005). The consumerdriven changes in fungal diversity that we observed were accompanied by shifts in bacterial
diversity and biomass. Bacterial α-diversity decreased concomitantly with that of fungi (Figure
3), aligning with the ‘diversity begets diversity’ hypothesis (Whittaker 1972), which has
previously been observed in a microbial context (Maynard et al. 2017). Further, trends in PLFA
analysis revealed that in the presence of the fungivore, Gram-negative bacterial biomass was
significantly increased and biomarkers for Gram-negative stress were decreased (Figure 2b,c).
This suggests that fungivory decreased bacterial stress and allowed for an increase in bacterial
biomass, perhaps by relieving fungi-mediated stress on bacteria (e.g., reducing competition for
C, Thakur and Geisen 2019). Our results are interesting because they complement classic food
web manipulation studies in microbial ecology (e.g., Ingham et al. 1985, Mikola and Setälä
1998) by directly measuring the diversity and composition of the microbial community, as well
as biomass and activity, in response to implemented fungivory.
Fungivory stimulated C and N cycling
Consistent with previous studies of microbially driven soil C and N dynamics in the
presence and absence of higher trophic levels (Bååth et al. 1981, Mikola and Setälä 1998),
ammonium concentrations and cumulative respiration were greater in the presence of the
fungivore (Table 2). As grazers consume microbial biomass, excess nitrogen not assimilated into
consumer biomass is released back into the soil environment (Anderson 1981). This increased N
availability may stimulate microbial activity, explaining the observed respiration spike
(Anderson 1981, Mikola et al. 1998). Further, microbial consumers may increase decomposition,
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and thereby respiration and N-mineralization, by dispersing microbial cells, oxygen, and
nutrients as they move about the soil environment (Briones 2018). Consumers also feasibly
speed microbial turnover as they feed and release excess N, which could impact communitywide C dynamics as microbes consume and respire C to recuperate biomass lost or damaged by
consumers. Increased respiration was accompanied by decreased CUE in the presence of the
consumer (Figure 1b). Indicative of the amount of C allocated to biomass accrual versus energy
generation, CUE is impacted by many factors including nutrient availability and biotic
interactions (Manzoni et al. 2012). Our results align with a study of protozoan grazing where
CUE decreased as grazing intensity increased (Frey et al. 2001).
The shifts in C and N cycling that we observed may be linked to the cascading effects of
fungivory on the bacterial community. We observed a positive relationship between CUE and
bacterial α-diversity (Figure 5), which aligns with prior work supporting the role of bacterial
diversity in driving CUE (Domeignoz-Horta et al. 2020). Stressful conditions may favor
especially C-efficient taxa resulting in a higher community wide CUE (Maynard et al. 2017,
Kallenbach et al. 2019). Hence, the fungivore-driven decrease in Gram-negative stress may have
also driven the decrease in CUE and increase in respiration. The presence of the fungivore
increased Gram-negative bacterial abundance and impacted the relative amounts of Grampositive and Gram-negative bacteria (Figure 2b,d). Evidence suggests that Gram-negative and
Gram-positive bacteria exhibit differences in carbon substrate preference. Gram-negative
bacteria have been shown to prefer simple carbon compounds while Gram-positive bacteria
prefer more complex carbon sources (Fanin et al. 2019). Hence, the fungivore-driven changes in
Gram-negative bacterial abundance may be linked to the trends in C cycling that we observed.
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Additionally, it appears that fungivory influenced the fate of distinct soil C pools
corresponding to native SOM and fresh plant exudates. The fate of these pools is of marked
significance in understanding soil C sequestration patterns (Schmidt et al. 2011). In the absence
of the fungivore, more of the respired C originated from the added simulated root exudate
mixture than native SOM (Figure 1c). These results suggest that fungal grazers in soil may
influence the fate of fresh, carbon rich exudates invested by plants in stimulating nutrient-mining
microbes (i.e., ‘the priming effect’; Kuzyakov 2002). This could be linked to a release of carbon
from consumed biomass that is preferred over from fresh plant exudates. These results are
interesting because they add to the scarce experimental evidence that soil trophic dynamics are
amongst the drivers of soil C fate, which is of immense significance in ecosystem models.
2.6 Conclusions
Together, our results suggest that a single, selective microbial consumer can have a large
impact that ripples through the ecosystem causing changes in soil biodiversity and function.
Fungivory decreased fungal diversity which may have had cascading effects on bacterial
diversity. Bacterial α-diversity positively correlated with CUE, suggesting that consumermediated changes in diversity may drive changes in the fate of soil C. Our study is limited in
scope since we only surveyed one type of consumer under one set of conditions. Future
experiments should expand the complexity of the soil food web and survey the how consumers
drive microbial diversity changes within and across multiple trophic levels, soil types, and
climatic conditions. All told, our findings indicate that fungivores serve as important drivers of
nutrient cycling in soils and that impacts of consumers on microbial diversity extend beyond
direct impacts on the populations that they directly consume.
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2.8 Figures
2.8.1 Figure 1

a)

Time *
Treatment *

b)

*

CO2 Respired (μmol g
soil-1)

c
)

Figure 1. a) Cumulative CO2 respired over the course of the incubation period b) carbon use
efficiency (CUE), and c) quantity of respired CO2 from added 13C labeled substrate (empty bars)
versus soil organic matter (SOM) (filled bars) in the presence and absence of fungivorous
nematodes. Purple points and bars represent the control treatment while green points and bars
represent the fungivore treatment. To determine differences in cumulative respiration over time
and between treatments, non-parametric ANOVA-type test was used (nonpar package in R) (a).
T-tests were used to determine significant differences in CUE between the fungivore and control
treatments (b) and to determine significant differences within treatments between respired CO2
originating from the added substrate versus native SOM (c). *p≤0.05
25

2.8.2 Figure 2
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Figure 2. PLFA analysis-determined measures of fungal-to-bacterial biomass ratio (a), gramnegative bacterial biomass (b), gram-negative stress ratio (c) in the presence and absence of the
fungivore, and ratio of gram-positive to gram-negative biomass (d). Level of statistical
significance as determined by t-test is represented by asterisks (* = p ≤0.05)
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2.8.3 Figure 3
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Figure 3. Alpha diversity of bacterial and fungal communities in the presence and absence of the
fungivore. (a,b) Richness (Chao1 metric), (c,d) Evenness (Palou’s evenness metric), (e) linear
relationship between fungal and bacterial richness, (f) linear relationship between fungal and
bacterial evenness. Purple points represent the control treatment while green points represent the
fungivore treatment. Differences in richness and evenness between treatments were determined
by t-tests (a,b,c,d) and linear relationships were assessed by linear modelling (e, f) * p≤0.05
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2.8.4 Figure 4
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Figure 4. a) PCoA of Bray-Curtis dissimilarity between bacterial communities (16S sequences)
in the presence and absence of the fungivore b) PCoA of Bray-Curtis dissimilarity between
fungal communities (ITS sequences) c) Within-treatment β-diversity of bacterial communities d)
Within-treatment β-diversity of fungal communities (* = p≤0.05, n.s. = no significance).
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2.8.5 Figure 5
Bacteria

Fungi
R2: -0.08
P-value: 0.68
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R2: 0.23
P-value: 0.05

Richness

Richness

Figure 5. (a,b) Relationship between CUE and community richness for bacterial (left) and fungal
(right) communities as determined by linear models. (c,d) Response ratios calculated from mean
relative abundance of bacterial (c) and fungal (d) species identified as significant treatment
indicators (p < 0.05) by multilevel pattern analysis. In panels a and b, purple points represent the
control treatment while green points represent the fungivore treatment. In panels c and d, purple
bars represent negative responders and green bars represent positive responders. Unidentified
families are denoted by the finest classified taxonomic rank and “.fam”.
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2.9 Tables
2.9.1 Table 1. Change in total biomass (Total PLFA) and fungal, bacterial and eukaryotic αdiversity following defaunation procedures. Values are means ± standard error. Asterisks
represent statistical significance as determined by t-tests, *p≤0.05
Total PLFA (nmol g soil-1)
Fungal Shannon's Diversity
Bacterial Shannon's Diversity
Eukaryotic Shannon's Diversity

Fresh Soil

Defaunated Soil

188.38±7.05
7.24±0.07
7.83±0.06
6.08±0.04

133.81±3.21
4.56±0.09
8.03±0.05
3.11±0.09

*
*
*

2.9.2 Table 2. Biogeochemical soil parameters (mean ± standard error). Asterisks represent
statistical significance as determined by t-tests, *p≤0.05
Treatment
Control
Fungivore
-1
Total N (mg N g )
3.84 ± 0.04
3.77 ± 0.03
-1
Total C (mg C g )
26.5 ± 0.53
26.7 ± 0.44
0.004 ±
0.005 ±
Nitrate-N (mg NO3--N g-1)
0.0006
0.0008
+
-1
Ammonium-N (mg NH4 -N g )
0.46 ± 0.03
0.55 ± 0.02
*

2.9.3 Table 3. Relative abundance of bacterial families as identified with multilevel pattern
analysis as significant treatment indicators (p ≤0.05). Unidentified families are denoted by the
finest classified taxonomic rank and “.fam”. Values are means ± standard error.
Relative Abundance (%)
Group
Alphaproteobacteria.fam
Devosiaceae
Gaiellales.fam
Norcardiaceae
Norcardioidaceae
Reyranellaceae

Control
0.0017±0.0005
0.0126±0.0013
0.0028±0.0002
0.0054±0.0006
0.0285±0.0018
0.0012±0.0003

Fungivore
0.0004±0.0002
0.0177±0.0017
0.0019±0.0003
0.0071±0.0004
0.0234±0.0011
0.0027±0.0005

Response Ratio
-1.44
0.34
-0.43
0.27
-0.20
0.78
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2.9.4 Table 4. Relative abundance of fungal families as identified with multilevel pattern
analysis as significant treatment indicators (p ≤0.05). Unidentified families are denoted by the
finest classified taxonomic rank and “.fam”. Values are means ± standard error.
Relative Abundance (%)
Group
Control
Fungivore
Response Ratio
Ascomycota.fam
0.14±0.03
0.28±0.05
0.67
Aspergillaceae
17.6±0.84
14.2±1.02
-0.21
Helotiales.fam
0.06±0.01
0.03±0.005
-0.63
Leotiomycetes.fam
0.49±0.06
0.31±0.04
-0.48
Mucorales.fam
0.38±0.02
0.34±0.01
-0.13
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Chapter 3 - Nutrient management and bioaugmentation interactively shape plant-microbe
interactions in Miscanthus × giganteus
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3.1 Abstract
Marginal lands are an untapped source of agricultural potential, particularly regarding
high-yielding, low-input bioenergy crops like Miscanthus × giganteus (Miscanthus). Miscanthus
is of specific interest since it can be productive and sequester carbon in soil even under the
stressful conditions present on some degraded lands. A key component of these abilities is the
interaction of Miscanthus with its soil and root microbiome. Microbial functions depend on the
nutrient status of soil, and hence are sensitive to fertilization regimes. Nevertheless, little is
known about how fertilization strategies affect the partnership of Miscanthus with its microbial
associates. Here, we tested the individual and interactive effects of nutrient addition and
bioaugmentation (i.e., the addition of microbial communities) on Miscanthus performance and
microbiome function in marginal soil. We found that the effect of nutrient addition on
Miscanthus biomass yield depended on nutrient addition type (i.e., organic or inorganic
nutrients) and whether bioaugmentation was also applied. Some microbial functions, like freeliving nitrogen fixation and carbon use efficiency, were sensitive to nutrient addition depending
on whether bioaugmentation was also applied. On the other hand, AMF colonization of roots
decreased with fertilization regardless of bioaugmentation. These results imply that managing
microbial communities may regulate the effect of nutrient addition on plant-microbe interactions
that in part determine system productivity and environmental impact.
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3.2 Introduction
Strategies for managing climate change include decreasing our reliance on fossil fuels
and moving toward renewable, plant-based feed stocks for energy production (Heaton et al.
2004). Bioenergy agroecosystems can also serve to sequester and store CO2 from the atmosphere
in soil and plant sinks (Yang and Tilman 2020). The use of such agroecosystems creates
competition between food and bioenergy agriculture for available land. However, worldwide,
marginal land abounds. As many as 6 billion hectares of land are categorized as marginal
because they are unsuitable for economically viable food agriculture production due to natural
characteristics or anthropogenic degradation (Gibbs and Salmon 2015). Marginal lands are an
underutilized resource, as they could potentially be used as climate change-mitigating bioenergy
agroecosystems without imparting further constraints on land suitable for commercial food
agriculture.
Miscanthus × giganteus (hereafter, Miscanthus) a sterile hybrid of Miscanthus sinensis
and Miscanthus sacchariflorus (Brosse et al. 2012), has emerged as a promising bioenergy crop
due to its high photosynthetic rate and root biomass, efficient use of resources (e.g., water and
nutrient), and cold tolerance (Anderson et al. 2011). Miscanthus can outperform other candidate
bioenergy crops due to its higher biomass and energy yields and lower cultivation greenhouse
gas emissions (Finnan and Styles 2013, Arundale et al. 2014, Trybula et al. 2015). Miscanthus
ceiling yields have approached 40 Mg ha-1 in three to five years after establishment (Miguez et
al. 2008), and biomass can be used as a biofuel (e.g., burned or used to generate ethanol).
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Further, lucrative alternative options for biomass use are continuing to emerge, including
conversion to adhesives, resins, and structural materials (Brosse et al. 2012, Singh et al. 2022).
Though much remains to be learned about the capacity of Miscanthus agroecosystems to
be productive (e.g., produce economically viable yields) and mitigate climate change (e.g.,
capture and store carbon), recent results are promising. For example, Miscanthus is grown and
sold commercially for energy production in the European Union, and is profitable for growers
(Heaton et al. 2004). Further, Miscanthus systems can be carbon negative (i.e., cumulatively
storing more carbon above- and belowground than is released to the atmosphere) under certain
conditions (Davis et al. 2010, Finnan and Styles 2013, Al Souki et al. 2021). This may be
especially true on marginal lands where soil carbon levels are low and therefore the potential for
carbon sequestration is high (Kasanke et al. 2021). The factors influencing the ability of
Miscanthus systems to sequester carbon and produce robust yields include soil characteristics
(biotic and abiotic), which are influenced by land management strategies. Efficient management
of these factors is particularly important to consider for marginal lands with a history of
degradation resulting in, for example, low soil nutrient concentrations and high bulk density
(e.g., surface mined sites; Brown et al. 2016).
Past research on managing Miscanthus agroecosystems has largely focused on nutrient
management (Smith and Slater 2010, Peyrard et al. 2017) and the response of Miscanthus yields
to fertilization appears variable. Some studies show enhance yield with fertilization while others
show no response (Ma et al. 2021a, Studt et al. 2021). Further, it is unclear how different
fertilization strategies (e.g., inorganic versus organic) affect plant productivity and plant-microbe
interactions. Evidence is mounting that the microbial community dwelling in the rhizosphere is
a key mediator of the response of Miscanthus growth to fertilization. For example, experimental
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evidence suggests that Miscanthus relies on free-living nitrogen-fixing bacteria to satisfy ~16%
of its nitrogen (N) demands (Davis et al. 2010, Keymer and Kent 2014, Li et al. 2016),
potentially decreasing its reliance on fertilizers for nitrogen. Miscanthus may also stimulate
nutrient-mining microorganisms in the rhizosphere with carbon-rich rhizodeposits to enhance
soil organic matter decomposition and nutrient release (i.e., the priming effect, Kuzyakov 2002).
Additionally, Miscanthus invests in partnerships with arbuscular mycorrhizal fungi (AMF),
which colonize roots and aid in nutrient and water uptake in exchange for carbon-rich
photosynthates (Barnes et al. 2016). Inorganic fertilization provides readily available mineral
nutrients to plants and can reduce plant investment in and reliance on rhizosphere microbes (Pan
et al. 2014, Lourenço et al. 2018, Fan et al. 2019). On the other hand, organic amendments like
dairy manure include nutrients and carbon contained within organic matter and require further
breakdown by microbes to be available to plants (Ndung’u et al. 2021). As such, these two types
of fertilization may differentially affect the relationship of Miscanthus with its rhizosphere
microbiome (Ai et al. 2015, Lourenço et al. 2018). Given this, further explorations of plantmicrobe interactions in Miscanthus systems under varied fertilization strategies are warranted to
better understand the drivers of bioenergy agroecosystem productivity and sustainability.
Bioaugmentation (i.e., addition of plant growth promoting bacterial and fungal taxa to
soil) is a promising management tool with the potential to increase plant productivity
(Vishwakarma et al. 2020). However, whether added microorganisms survive, persist, and
function to promote plant growth depends on many biotic and abiotic factors (Fuentes-Ramírez
et al. 1999, Firmin et al. 2015, Kaminsky et al. 2019, French et al. 2021). Added organisms may
struggle to persist due to competition with the pre-adapted, native community, or serve no
relevant role to promote plant growth (Chowdhury et al. 2013). Given this, employing targeted
42

bioaugmentation practices (i.e., sourcing microbial communities from similar ecosystems and
land uses) may be key in successfully employing bioaugmentation. Bioaugmentation practices
have the potential to be particularly successful on marginal lands where soil properties and
microbial communities have been altered, resulting in less competitive pressure from the native
community on the newly introduced microbiota.
Scarce but encouraging studies suggest the ability of bioaugmentation to confer increased
plant establishment and resistance to environmental stress in Miscanthus systems (Firmin et al.
2015, Liu and Ludewig 2020). While there is evidence of increased Miscanthus productivity
with either nutrient addition or bioaugmentation (Pogrzeba et al. 2017), the interactive effect of
the two remains largely uninvestigated. Amending soil nutrients alongside bioaugmentation may
decrease microbial competition for nutrients and hence, support increased establishment of
newly added community members (Yang et al. 2017). Since the dynamics of plant-microbe
interactions play an integral role in determining the fate of nutrients and carbon in soil, we must
cultivate an understanding of how biotic (i.e., bioaugmentation) and abiotic (i.e., nutrient
amendment) management strategies could be leveraged to bolster not only system productivity,
but also maintain and even build sequestered soil carbon by way of increased positive plantmicrobe interactions.
Given these knowledge gaps, we sought to assess potential interactive effects of nutrient
addition and bioaugmentation on Miscanthus performance, plant-microbe interactions,
microbiome function, and soil carbon content. We investigated two alternative hypotheses. Due
to the potential for nutrient addition to reduce microbial competition, we developed Hypothesis
A: Nutrient addition will enhance the persistence of bioaugmented taxa in the rhizosphere.
However, nutrient addition, particularly inorganic fertilizer can disrupt plant microbe
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interactions. As bioaugmentation can enhance rhizosphere colonization with symbiotic
microorganisms it may prevent this disruption leading to Hypothesis B: Bioaugmentation
mitigates the impacts of nutrient addition on plant microbe interactions, microbiome function,
and soil carbon. Since plants can directly access nutrient provided by inorganic fertilizer but
must rely on microbes to decompose organic fertilizer, we expected the benefits of
bioaugmentation for plant-microbe interactions depend upon the type of fertilization. To test this,
we applied three types of nutrient amendment (inorganic, organic, or none) with and without a
targeted bioaugmentation treatment (whole microbiome transplant from a productive Miscanthus
agroecosystem established on marginal soil) to Miscanthus rhizomes planted in marginal soil in a
greenhouse setting.
3.3 Methods
We conducted a greenhouse experiment to determine the individual and interactive
effects of nutrient addition (adding organic or inorganic nutrients) and targeted bioaugmentation
(inoculation with soil from a well-established Miscanthus stand) on Miscanthus grown in
marginal soil. Marginal soil for bulk growth media was collected from a pasture area of the West
Virginia University Animal Science Farm (39.37ᵒ N, 79.93ᵒ W) in Morgantown, West Virginia
(WV), USA in August of 2020. This soil is a silt loam with a pH of approximately 6.4 and a soil
organic matter content of 7.2%. This site is considered marginal due to the impacts of adjacent
abandoned surface mined land where mining activities occurred from approximately 1950 to
1980 (OSMRE National Mine Map Repository). Due to these mining activities, this site is
classified as a problem area by the West Virginia Environmental Protection Agency (WV EPA)
due to the presence of hydrological issues and adjacent gob piles. This marginal soil supported a
moderately productive cool-season grass-legume vegetation cover.
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To collect the soil to be used as a growth medium from this marginal site, four 5-m2 plots
were randomly established across an approximately 0.5 ha area, and a rotary tiller was used to
loosen soil to a depth of approximately 5 cm within each plot. Soil was homogenized within each
plot using shovels and was transported to the lab where it was distributed across experimental
pots. Pots (~20 L in volume) were assigned one of three nutrient treatments (none, inorganic,
organic) and one of two bioaugmentation treatments ((+)Bioaugmentation, (-)Bioaugmentation)
producing six nutrient-bioaugmentation treatments. One replicate of each nutrientbioaugmentation pair received soil from each of the four field collection plots, resulting in four
replicates per nutrient-bioaugmentation treatment and a total of twenty-four pots. Collection plot
of source soil was used as a blocking factor in subsequent statistical analyses to account for the
effect of soil heterogeneity. Four replicates, one from each plot, received a heat-killed
bioaugmentation treatment (receiving no nutrient treatment) to assess non-biological effects of
the soil transplant.
We were specifically interested in employing a targeted bioaugmentation treatment (i.e.,
transferring a well-established microbial community from a site with similar land use). We did
this by sourcing a whole microbial community from a site that was also marginalized by surface
mining with a well-established Miscanthus stand. As such, soil for the bioaugmentation
treatment was collected in August of 2020 from a mature, high-yielding Miscanthus stand
established in 2010 on a reclaimed surface mine in Upshur County, WV (38.19ᵒ N, 80.11ᵒ W). In
2015, Miscanthus yield averaged 13.8 Mg ha-1 (see Scagline-Mellor et al. 2018 for more detailed
site description). Bioaugmentation donor soil was collected from a 0.4 ha plot by collecting 30
randomly placed soil cores to a depth of approximately 10 cm. This depth was chosen according
to the depth of topsoil at this site as well as the presence of most microbial abundance, activity,
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and diversity in the top 10 cm of soil (Eilers et al. 2012, Ko et al. 2017, Zhao et al. 2021). Large
roots and rocks were removed by hand and soil was homogenized. Soil was transported back to
the lab and kept at 4ᵒC until initiation of the greenhouse experiment (approximately 7 days). For
pots receiving bioaugmentation, donor soil (either heat killed via autoclaving or live) was added
to achieve 5% donor soil by volume and thoroughly mixed by hand, similar to Howard et al.
(2017). A previous study comparing transfer methods showed that the whole soil method of
microbiome transplant resulted in the most community similarity between the donor soil and the
recipient soil (Howard et al. 2017). Pots assigned the heat-killed transplant received donor soil
that had been autoclaved for 30 minutes at 120˚C.
Three Miscanthus rhizomes were planted in each pot to a depth of ~6 cm, pots were
arranged randomly on greenhouse benches, then appropriate fertilization treatments were
applied. The inorganic nutrient amendment consisted of 19-19-19 N-P-K fertilizer applied at a
rate intended to mirror a field surface application rate of 300 kg ha-1 of inorganic fertilizer (Chen
et al. 2019). The inorganic fertilizer mix consisted of 19% available N as ammonium and nitrate,
19% available P in the form of P2O5, and 19% soluble potash in the form of K2O. Based on the
area of the soil surface in the pots, 1.9 g of inorganic fertilizer was applied to each appropriate
pot which corresponded to the desired rate (300 kg ha-1). The organic nutrient amendment
consisted of composted dairy manure which was analyzed at the West Virginia Department of
Agriculture Nutrient Management Lab (Moorefield, WV, USA) to contain 1.8±0.1 mg plant
available N g-1, 8.4±2.3 mg plant available P g-1, and 4.2±0.5 mg plant available K g-1. This was
applied at a rate intended to mirror the N content of the inorganic treatment (57 kg ha-1, 182 g
compost added per pot).
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Throughout the experiment, plants were watered every 48 hours by drenching and
allowing excess water to drain from pots. Greenhouse conditions consisted of ambient light
conditions and temperatures of approximately 25˚C during the day and 19˚C at night. During the
first three weeks of growth, weeds were removed by hand weekly. After three weeks of growth,
plants were thinned so that only one sprouted rhizome remained in each pot. Following this,
plants were allowed to grow until flowering began (approximately seven months) before they
were destructively sampled to measure plant, soil, and microbial functional parameters.
Plant performance measurements and soil sample collection
At the end of the experiment (210 days), plant height was measured and the number of
shoots were counted. Then, aboveground biomass was cut at the soil surface, weighed, and
placed in a drying oven at 60˚C for 72 h. Soil was removed from belowground structures
(rhizomes and roots) by shaking and washing and a randomly selected, ~25-gram subsample of
fresh roots was collected and stored at 4˚C for analysis of arbuscular mycorrhizal colonization
(AMFc). The remaining belowground biomass was weighed and placed in a drying oven (60˚C)
to calculate belowground biomass and root carbon and nitrogen. From each pot, 3 subsamples of
soil shaken from roots and rhizomes were collected, where subsamples were either 1)
immediately air dried for chemical analyses, 2) frozen at -80˚C for molecular analyses, or 3)
stored at 4˚C and used for biological analyses, which were initiated within 24 hours of sampling.
Soil and root chemical analyses
Soil was sieved using a 10-micron sieve and roots were ground using a Wiley Mill. Then,
total carbon and nitrogen contents of soil and roots were determined by combustion of
approximately 100 mg of plant tissue and 500 mg of soil using a vario MAX cube CNS analyzer
(Elementar, Langenselbold, Germany). Ammonium and nitrate were extracted from 8 grams of
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soil and 40 mL of 2M potassium chloride solution shaken at 120 rpm for 1 hour. The mixture
was then filtered through a Whatman #1 filter paper and analyzed using a SEAL AQ300 Discrete
Chemical Analyzer (SEAL Analytical, Mequon, WI, USA) according to EPA methods 353.2
(nitrate) and 350.1 (ammonium).
Soil biological analyses
To measure microbial carbon use efficiency (CUE), 20 g (dry weight equivalent) of soil
from each greenhouse pot was added to 1-liter glass jars fitted with rubber septa. Glucose
enriched in 13C (99 atom%) was added at a rate of 500 μg C g soil-1, additional water was added
to bring soil to 60% water holding capacity, and jars were sealed (Geyer et al. 2019). Total and
13

C-labeled CO2 were measured after 1, 3, and 5 days using a LI-6400XT (LI-COR Biosciences,

Lincoln, NE, USA) and Picarro G2201 (Picarro Inc., Santa Clara, CA, USA), respectively. After
each measurement, jars were opened to allow gas exchange for 10 minutes to avoid anoxic
conditions, then resealed. The atom% 13C in the jar headspace was used to calculate the total
amount of C from the added glucose that was respired (per g dry soil), and this was summed over
the five day incubation as described in Morrissey et al. 2017. After 5 days, 13C-labeled microbial
biomass was measured using chloroform fumigation and persulfate digestion techniques (Witt et
al. 2000, Doyle et al. 2004) and the atom% 13C was used to calculate the total amount of 13Clabeled microbial biomass (per g dry soil). CUE was calculated as 13C-biomass/(13C-biomass +
13

C-respired) (Geyer et al. 2019).
Arbuscular mycorrhizal fungal colonization (AMFc) of roots was quantified as described

in Phillips and Hayman (1970). Briefly, a subsample of roots from each plant was cleared with
potassium hydroxide (10%), acidified with hydrochloric acid (2%), then stained with 0.05%
direct blue. Colonization was then quantified using the grid-line intersection method (Sparling
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and Tinker 1975), whereby root-line intersections on a grid viewed under a stereoscope are
evaluated for the presence or absence of colonization. The percent colonization was calculated as
the number of colonized intersections divided by the total number of intersections.
Free-living nitrogen fixation (FLNF) rates were measured using the 15N2 incorporation
method similar to that described in Smercina et al. (2019). In this method, four grams (dryweight equivalent) of soil from each treatment was added to a 16 mL Hungate tube. A
concentrated sugar solution containing malic acid, sucrose, glucose, and citric acid in equal
concentrations was added at a rate of 4 mg C g soil-1 as a carbon source. Additional sterile,
deionized water was added to bring soil to 60% water holding capacity. Tubes were sealed with
rubber septa and aluminum rings and the tube headspace was evacuated with a vacuum pump.
Tube headspace was then replaced with 1 mL acid washed 98 atom% 15N2 gas and 1.6 mL ultrahigh purity O2 (resulting in an oxygen concentration of approximately 10%). The remaining
headspace was filled with ultra-high purity helium gas to restore positive pressure. A parallel,
unenriched control incubation was carried out using 14N2 to assess natural abundance 15N in each
sample. Tubes were incubated at room temperature (~22°C) in the dark for one week. Then, the
substrate addition was repeated, the headspace was refreshed, and the tubes incubated for an
additional week. After 14 total days of incubation, tubes were opened and placed in a drying
oven at 60˚C. Dried soil was analyzed for δ15N and %N using a Carlo-Erba NC 2500 Elemental
Analyzer at the University of Maryland Central Appalachian Stable Isotope Facility (Frostburg,
Maryland). FLNF rate was then calculated as (atom% excess of sample × total N)/(atom%
excess of atmosphere × incubation time) after Smercina et al. (2019).
Molecular analyses
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Microbial DNA was extracted from 250 mg soil using the DNeasy Powersoil Pro kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Resulting DNA was
quantified using a Qubit 4 Fluorometer and checked for quality using a NanoDrop One UV-Vis
Spectrophotometer (Fisher Scientific, Waltham, MA, USA). Bacterial (16S rRNA gene V4
region) and fungal (internal transcribed spacer; ITS) gene regions were amplified according to
the Earth Microbiome Project standard protocols (Thompson et al. 2017) and libraries were
sequenced on the Illumina Miseq platform (Illumina, San Diego, CA, USA) at the University of
Minnesota Genomics Center (Minneapolis, MN, USA). Raw fastq files will be made publicly
available via the NCBI Sequence Read Archive upon publication.
Sequences were processed and analyzed using QIIME 2 version 2021.4 (Bolyen et al.
2019). Prior to denoising, paired end sequence reads were merged using VSEARCH (Rognes et
al. 2016) and merged sequences with a quality score of less than 20 were discarded using the
‘qiime quality-filter q-score’ plugin. Denoising was performed using deblur with trim lengths of
291 and 227 for 16S rRNA and ITS sequences, respectively. Reference sequences for denoising
and taxonomy assignments were obtained from the SILVA database for 16S rRNA (version 138,
Quast et al. 2013) and the UNITE database for ITS (version 8, Nilsson et al. 2018). Taxonomy
was assigned to denoised sequences using the appropriate database (SILVA for 16S rRNA or
UNITE for ITS) via the ‘qiime feature-classifier’ plugin. Based on samples with the lowest
number of reads, samples were rarefied to 12,000 and 6,000 reads for 16S rRNA and ITS gene
data sets, respectively. Bacterial and fungal species richness (Chao1) was calculated using the
‘estimate_richness’ function in the R package phyloseq (McMurdie and Holmes 2013). Venn
diagrams of shared and unique taxa between samples and treatments were constructed from
phyloseq objects using the ‘ps_venn’ function from the R package MicEco (Russel 2021).
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Statistical analyses
All statistical analyses were performed using R version 4.1.0 within RStudio version
1.4.1717 (R Core Team, 2021) with an alpha level of 0.05 considered statistically significant.
Normality of residuals was confirmed using Shapiro-Wilk tests (Shapiro and Wilk 1965), and
outliers were removed after identification via the Grubbs test (Grubbs 1969) performed using the
‘grubbs.test’ function in the R package “outliers” (Komsta 2011). To test for non-biological
influences of bioaugmentation, unpaired two-sample t-tests (‘t.test’ function, “stats” package; R
Core Team 2021) were performed between the pots receiving no amendments and those
receiving the heat-killed bioaugmentation treatment. Indicator species analysis (‘multipatt’
function, “indicspecies” package; De Cáceres and Legendre (2009)) was performed 1) on
relative abundance data subset based on bioaugmentation to determine indicators of nutrient
addition within bioaugmentation treatments, and 2) on relative abundance data subset based on
nutrient addition to determine indicators of bioaugmentation within nutrient addition treatments.
Response ratios of indicator taxa were calculated from average relative abundance values as
described in Lajeunesse (2011).
To determine differences in soil chemical and biological factors, analysis of variance
ANOVA (‘aov’ function, “stats” package; R Core Team 2021) was performed. ANOVA factors
were bioaugmentation treatment, nutrient treatment, the interaction of bioaugmentation and
nutrient treatments, and block (i.e., original field plot). For ANOVA factors that showed
significant main effects, Tukey’s honestly significant difference tests (‘TukeyHSD’ function,
“stats” package, R Core Team 2021) were applied to test for significant pairwise differences
between groups. Linear models (‘lm’ function, “stats” package, R Core Team 2021) were
employed to assess the relationship between soil chemical and biological factors.
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3.4 Results
Assessing non-biological influences of soil transplant
There was no non-biological effect of the bioaugmentation soil on measured plant, soil,
or microbial parameters as evidenced by the results from the heat-killed bioaugmentation
treatment (Table 1). In other words, the pots that received the heat-killed bioaugmentation soil
were similar to those that had no amendments.
Plant growth measurements
Organic nutrient addition increased aboveground biomass, especially in the presence of
bioaugmentation (Fig. 1a, Table 2). Other plant characteristics (height, shoot number, and
belowground biomass) were not different across treatment (Fig. 1b, Table 2, Table 3).
Soil and plant C, N contents
The C content of root tissue varied by nutrient addition (Fig. 1c), with a marginally
significant interaction between nutrient and bioaugmentation (p=0.06) driven by the high root C
content in the inorganically fertilized pots receiving no bioaugmentation (Fig. 1c, Table 2). Soil
C decreased with both nutrient treatments but only when no bioaugmentation was applied (Fig.
2d, Table 2). Soil N exhibited a similar trend to soil C, but the interaction term was not
significant in the ANOVA (Table 1, Table 2). In the absence of nutrient addition,
bioaugmentation increased soil ammonium concentrations (Fig. 2e, Table 2). While soil nitrateN concentrations were highly variable and not significantly different across treatments (Fig. 2f,
Table 2), the highest nitrate concentrations were observed in fertilized soil without
bioaugmentation.
Microbiome composition
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In the absence of the soil transplant, bacterial richness was highest when either inorganic
or organic nutrients were added (p=0.05; Fig. S3a). Fungal richness was unaffected by the
treatments and averaged 184 ASVs (Fig. 3b, Table 2). Most bacterial and fungal taxa were
present in both the bioaugmentation donor soil and marginal source soil (pre-experiment) and the
soil at the end of the experiment, regardless of treatment (Fig. 4).
To determine if bioaugmentation added unique microbial taxa to the marginal soil, we
constructed Venn diagrams of shared and unique taxa between our treatments (Fig. 4). While
there were relatively few introduced taxa (i.e., taxa uniquely shared only by the donor soil and
pots receiving bioaugmentation) the number of introduced taxa increased with nutrient addition
(Fig. 4). In the absence of nutrient addition, only 3 bacterial and 1 fungal ASVs were introduced
and persisted, while inorganic nutrient addition had 9 bacterial and 5 fungal introduced ASVs
and organic nutrient addition had 11 bacterial and 4 fungal introduced ASVs. The total number
of potentially-augmented taxa (i.e., those shared between the donor soil, the source soil, and pots
receiving bioaugmentation) also increased with fertilization (enclosed in orange; Fig. 4). In the
absence of nutrient addition, there were 281 potentially-augmented bacterial taxa, while there
were 298 with organic amendment and 297 when inorganic nutrients were applied. For fungi,
there were 53 potentially-augmented taxa when no nutrients were applied, 52 when organic and
58 when inorganic nutrients were applied (Fig. 4).
Indicator taxa analysis revealed that many of the taxa sensitive to bioaugmentation within
each nutrient treatment were potentially-augmented taxa (Fig. 2). The identity of taxa sensitive to
bioaugmentation varied by the type of nutrient addition applied, and the organic nutrient
treatment had more responsive taxa than the inorganic nutrient treatment (Fig. 2). A separate
analysis of taxa sensitive to nutrient addition within the bioaugmentation treatments revealed that
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the identity of nutrient-sensitive taxa varied by bioaugmentation treatment (Fig. 5). Notably,
most nutrient-sensitive bacteria decreased in response to both inorganic and organic fertilization.
On the other hand, nutrient-sensitive fungi had differing responses to organic and inorganic
nutrient addition. The nutrient-sensitive fungi typically responded to only one type of
fertilization or responding positively to organic fertilization but negatively to inorganic
fertilization (Fig. 5; e.g. Leucosporidium, Ascobolus, and Pseudurotium).
Microbiome Function
AMFc was significantly lowered by both types of nutrient addition regardless of
bioaugmentation treatment (Fig 6a, Table 2). In the presence of bioaugmentation, AMFc
averaged 13% when no nutrients were applied, 8.4% when organic nutrients were applied, and
6.7% when inorganic nutrients were applied. Likewise, without bioaugmentation, AMFc
averaged 14.3% with no nutrient addition, 6.0% when organic nutrients were applied, and 8.1%
when inorganic nutrients were applied. Because there was no difference in response of AMFc to
nutrient between bioaugmentation treatments, linear models were constructed across both
bioaugmentation treatments (Fig. 6b,c). There was a significant, negative linear relationship
between AMFc and root C (Fig. 6b) as well as root C and belowground plant biomass (Fig. 6c).
In the absence of bioaugmentation, the FLNF rate decreased in response to inorganic
nutrient addition (FLNF rate = 0.21 μg N g soil-1 day-1 with no nutrient addition versus 0.13 μg
N g soil-1 day-1 with inorganic fertilization; Fig. 7a, Table 2). Further, in the absence of
bioaugmentation, the FLNF rate exhibited a significant negative relationship with root C (Fig.
4b) while this relationship was not observed with bioaugmentation (Fig. 7b). Microbial CUE was
lowered by inorganic nutrient addition but only when no bioaugmentation was applied (CUE =
0.77 with no nutrient addition versus 0.67 with inorganic nutrient addition; Fig. 7c, Table 2).
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There was a negative, linear relationship between CUE and root C without bioaugmentation (Fig.
7d), and this relationship waned with bioaugmentation (Fig. 7d).
3.5 Discussion
We manipulated marginal soil with nutrient addition and bioaugmentation to determine
their individual and interactive effects on Miscanthus and the composition and function of its
associated soil microbiome. As we predicted in Hypothesis A, nutrient addition increased the
number of potentially-augmented microbial taxa that were detectible at the end of the
experiment. In support of Hypothesis B, bioaugmentation modified positive plant-microbe
interactions in response to fertilization resulting in improved or maintained microbiome function
in soil that was marginalized by surface mining.
Microbiome composition is sensitive to fertilization and bioaugmentation
In support of Hypothesis A, nutrient addition increased the number of potentiallyaugmented taxa (i.e., those taxa shared between the donor soil, source soil, and the soil that
received bioaugmentation (Figure 4)). This is in agreement with other studies showing that
nutrient availability determines the success of newly added species (Yang et al. 2017) and
supports our hypothesis that nutrient addition may increase the persistence of added taxa,
potentially by relieving competition for nutrients. The relative abundance of microbial taxa
responded variably to bioaugmentation depending on nutrient addition and taxa identity (Fig. 2;
Fig 5). This may be due to differences in microbial life strategy, which impacts how the
abundance of different taxa is impacted by the selective impacts of added nutrients (e.g.,
copiotrophic versus oligotrophic life strategies; Fierer et al. 2007, Pan et al. 2014, Wang et al.
2021). Alternatively, nutrient addition may impact microbial communities indirectly by altering
plant processes, for instance by regulating the rate and chemical composition of rhizodeposits
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(Zhu et al. 2016, Jacoby et al. 2017). Taken together, our results suggest that adding nutrients
alongside bioaugmentation may influence the persistence of the added organisms directly (via
selection) and/or indirectly (through plant mediated changes).
Bioaugmentation treatment determined the response of CUE and FLNF to nutrient addition
Lending support to Hypothesis B, the response of the free-living N-fixation rate (FLNF)
and carbon use efficiency (CUE) to nutrient addition depended on bioaugmentation treatment. In
the absence of bioaugmentation, both CUE and FLNF were significantly lowered when inorganic
fertilization was applied (Fig. 7a,c). Reductions in FLNF rates with inorganic fertilization are
consistent with past studies in bioenergy crops (Smercina et al. 2019b, Bahulikar et al. 2021).
Plant physiological responses to nutrient addition can indirectly shape microbial functions by
moderating rhizodeposit quality and/or quantity. Plants may become less dependent on microbial
partners when nutrients are applied, investing less and/or lower-quality rhizodeposits in trading
for microbially-acquired nutrients (Johnson 2010). This could result in the reduction of plantmicrobe interactions in the rhizosphere, explaining the decreases in CUE and FLNF with nutrient
addition. The effects of inorganic fertilization on root and soil carbon (Fig. 1c,d) and the strong
negative relationship between root carbon content and both CUE and FLNF (Fig. 7b,d) suggests
that Miscanthus may be altering rhizodeposition in response to fertilization leading to changes in
microbiome function. This is consistent with a global meta-analysis where root physiology has
been linked to microbial function in the rhizosphere (Zhang and Wang 2015).
Bioaugmentation diminished the effects of fertilization on rhizosphere FLNF and CUE
(Fig. 7a,c) and weakened covariation between root traits and microbial function (Fig. 7b,d).
These results suggest that bioaugmentation protects against the fertilization-driven reduction in
plant-microbe interactions. Additional support for these possibilities is evidenced by the root
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carbon content, which tended to be lower when bioaugmentation was applied (Fig. 1c)
suggesting the presence of high quality rhizodeposits (i.e., carbon loss from roots) even in the
presence of added nutrients. Continued cooperation between the plant and the microbiome under
fertilization may be due to increases in abundance of plant-growth promoting microbes with our
bioaugmentation treatment. For instance, if free-living N-fixers were added with the soil
transplant and resulted in a higher diazotroph diversity and abundance, reduced activity due to
fertilization may have been avoided (e.g., through added resistance, resilience, or redundancy of
the diazotroph community (Allison and Martiny 2008). This is supported by the increase in the
relative abundance of Burkholderiales and Beijerinckiaceae, which are taxonomic groups
capable of FLNF (Bahulikar et al. 2021, Leppänen et al. 2015), with bioaugmentation (Fig 2).
Plants moderated investment in AMFc in response to fertilization regardless of bioaugmentation
Unlike CUE and FLNF, the response of AMFc to fertilization did not depend on
bioaugmentation (Fig. 6a). This suggests that bioaugmentation did not result in a significant
addition of AMF, that added AMF did not persist, or that they persisted but did not enhance total
root colonization. This is further supported by the indicator taxa analysis as no members of
Glomeromycota (the phyla containing AMF, Stürmer 2012), responded to the bioaugmentation
treatment (Fig. 2). This could be because the abundance of added AMF spores was low given that
the transplant soil was only added at 5% of the total soil volume, which limits our ability to
understand the effect of AMF bioaugmentation on plant growth. Further, added AMF may have
been outcompeted by AMF already present in the marginal source soil. Attempts at augmenting
AMF may be more successful if AMF spores are extracted from soil and added in a higher
concentration, like in Mukhongo et al. (2017).
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Regardless of bioaugmentation, AMFc was significantly lower when fertilization was
applied. This response is well-documented in the literature (e.g., Treseder 2004, Frater et al. 2018,
Ma et al. 2021), including specifically in bioenergy systems (Emery et al. 2017). This trend is
commonly attributed to the impact of nutrient addition on the stoichiometric needs of plants,
resulting in a decrease in plant carbon investment in nutrient trading with AMF (Johnson 2010).
We also observed that high root carbon content was associated with relatively low AMFc and
belowground biomass (Fig 6b,c). This could indicate tradeoffs in root morphology in order to
regulate AMF colonization (Wen et al. 2019). For example, low carbon content is associated with
a lower concentration of lignin in roots (Ma et al. 2018), making them more amenable to AMF
colonization compared to highly lignified roots (Valverde-Barrantes et al. 2016).
Plant and soil responses to nutrient addition and bioaugmentation
The response of soil carbon content to nutrient addition depended on whether
bioaugmentation was also applied (Fig 1d). Specifically, soil carbon content decreased when
inorganic fertilization was added in the absence of bioaugmentation. Soil carbon loss may have
occurred when fertilization was applied if the growth of fast-growing, carbon-inefficient
microbial taxa (e.g., r-strategists, Fierer et al. 2007) is stimulated by the pulse of nutrients,
resulting in soil carbon loss (Wang et al. 2021). Our results suggest that bioaugmentation
buffered this effect, perhaps by augmenting microbial taxa that are especially carbon efficient.
Our CUE data further supports this, with a decrease in microbial CUE in response to fertilization
only when no bioaugmentation was applied (Fig 7c). These data suggest that a combination of
bioaugmentation and nutrient addition may minimize soil carbon loss from microbial respiration
that can occur when a pulse of nutrients is added. This may be particularly helpful to restore soil
carbon on marginal lands.
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There was no response of aboveground plant biomass to inorganic nutrient addition (Fig
1a). This is consistent with other studies that show no or inconsistent responses of Miscanthus
yield to inorganic fertilization (Ma et al 2021, Studt et all 2021). However, aboveground plant
biomass increased with organic nutrient addition, but only when bioaugmentation was also
applied (Fig. 1a). Our data suggest that this could be due to plant-microbe interactions occurring
in the Miscanthus rhizosphere. Compared to inorganic fertilization, where nutrients are added as
water-soluble mineral forms, organic amendments must be decomposed by microbes to liberate
nutrients for plant growth (Larney and Angers 2012). These characteristics of organic
amendments may explain the difference in response that we observed between the inorganic and
organic fertilization treatments in regard to plant-microbe interactions. Specifically, there were
more potentially-augmented bacterial taxa when organic fertilization was applied (Fig. 4).
Notably, some of the potentially-augmented taxa that increased in abundance when organic
fertilization was applied belong to taxonomic groups with the potential for plant growth
promotion (Beijerinckiaceae (Bahulikar et al. 2021), Phyllobacterium (Mantelin et al. 2006),
Labrys (Tapia-García et al. 2020), and Microvirga (Cueva-Yesquén et al. 2021)). Together, these
data lend support to our prediction that organic nutrient addition would bolster the success of
bioaugmentation.
3.6 Conclusions
Taken together, the results suggest that nutrient addition and bioaugmentation interact to
influence plant microbe interactions and biogeochemical cycling in the Miscanthus rhizosphere.
Aboveground plant biomass was greatest with bioaugmentation and organic nutrient addition,
and key plant-microbe interactions were impacted by only nutrient addition (AMFc) or both
nutrient addition and bioaugmentation (CUE, FLNF rate). Our study is limited because we
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performed our experiments in the controlled, simplified environment of the greenhouse over a
relatively short period of time. As such, we cannot predict the outcome of such strategies in a
field setting. A clear next step of this research is to translate these experiments to a field setting
where natural conditions and the feasibility of this type of bioaugmentation at the field scale can
be determined. Across spatial scales, environmental properties should be considered carefully as
they may determine the survival of transplanted microorganisms. For instance, soil transplants
across regions may be effective if the donor soil and recipient site have similar soil properties
and climactic conditions.
Despite these limitations, our data suggest an intimate link between bioaugmentation and
management of soil nutrients that has important implications for fostering productive bioenergy
agroecosystems with positive environmental impacts on marginal lands. Specifically, our results
suggest that bioaugmentation may buffer the fertilization-driven weakening of certain plantmicrobe interactions. This information may be particularly beneficial for managing
agroecosystems on marginal lands where soil structure, nutrient contents, and microbial
communities may be less favorable for robust plant growth as compared to fertile, arable land.
Integrating findings such as these into management decisions is key in minimizing the negative
environmental impacts of agricultural systems while fostering productivity, especially on
marginal lands.
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3.8 Figures
3.8.1 Figure 1
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Figure 1. Average (± standard error) of a) aboveground biomass, b) belowground biomass, c)
root C content, d) soil C content, e) soil ammonium-N content and f) soil nitrate-N content across
treatments. Significant effects (p≤0.05) from ANOVA are displayed in each panel. Letters
represent pairwise significant differences determined by Tukey’s HSD tests performed for
significant ANOVA effects.
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3.8.2 Figure 2

Inorganic
Organic
None

Response Ratio
Fungi

Bacteria

* Potentially augmented taxa

Figure 2. Response ratios (RR) of relative abundance of bacterial (filled bars) and fungal (empty
bars) genera identified by multilevel pattern analysis as significant (p≤0.05) responders to
bioaugmentation within each nutrient treatment. Potentially-augmented taxa (Figure S1) are
starred. If a genus-level identification was not available, the finest taxonomic resolution was
listed followed by (.g).
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3.8.3 Figure 3

a)
*Bioaug., Nutrient, Block

(+) Bioaug.

b)

*

(−) Bioaug.

*Block

(+) Bioaug.

(−) Bioaug.

Figure 3. Average (± standard error) bacterial richness (a) and fungal richness (b). Significant
effects (p≤0.05) from ANOVA are starred.
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3.8.4 Figure 4

Fungi
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53
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52
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58

Inorganic

Organic

None

Bacteria

Figure 4. Venn diagrams of taxa shared between the donor and source soil (pre-experiment) and
in the pots either treated with the soil transplant or not (post-experiment). Potentially-augmented
taxa are enclosed in orange, and the total count is displayed above each respective Venn
diagram.
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3.8.5 Figure 5

Nutrient Addition
Inorganic
Organic
Figure 5. Response ratios (relative to the no nutrient addition treatment) of relative abundance of
genera identified by multilevel pattern analysis as significant responders (p≤0.05) to nutrient
addition within each bioaugmentation treatment. If a genus-level identification was not available,
the finest taxonomic resolution was listed followed by (.g).
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3.8.6 Figure 6
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c)
R2 = 0.41
P<0.01

Figure 6. Average (± standard error) root AMF colonization rate values (a) and the relationship
of root C content with AMF colonization (b) and belowground biomass (c). In panel a,
significant effects (p≤0.05) from ANOVA are starred. Letters represent pairwise significant
differences determined by Tukey’s HSD tests performed for significant ANOVA effects. In
panels b and c, R2 and p-values displayed were calculated from linear regression models
performed across both bioaugmentation treatments given the lack of difference in AMFc
response to bioaugmentation.
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3.8.7 Figure 7
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Figure 7. a) Average (± standard error) free-living N fixation (FLNF) rate values (μg N g soil-1
day-1), b) the relationship between FLNF and rate root C, c) Average (± standard error) CUE
values, d) the relationship between CUE and root C. In panels a and c, significant effects
(p≤0.05) from ANOVA are listed and starred. Letters represent pairwise significant differences
determined by Tukey’s HSD tests performed for significant ANOVA effects. In panels c and d,
R2 and p-values displayed were calculated from linear regression models.
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3.9 Tables
3.9.1 Table 1. Means (± standard error) of measured variables between pots receiving no
bioaugmentation and those receiving the heat-killed soil transplant compared using
Welch two-sample t-tests.
Variable
No Inoculum
Heat-killed Inoculum
t-value p-value

df

Carbon use efficiency
Belowground Biomass (g)

0.77±0.01
340.15±48.57

0.74±0.04
299.83±5.80

-0.59
-0.82

0.59
0.47

3.32
3.11

Aboveground Biomass (g)

61.66±7.25

60.53±3.10

-0.14

0.89

4.06

Plant height (m)
Number of shoots

1.60±0.02
13.25±1.25

1.56±0.11
11.25±2.56

-0.37
-0.70

0.74
0.52

3.17
4.35

Soil N (mg g soil-1)
Soil C (mg g soil-1)

4.27±0.35
40.17±2.76

4.05±0.21
35.81±2.09

-0.53
-1.26

0.62
0.26

4.90
5.60

Nitrate-N (μg N g soil -1)
Ammonium-N (μg N g soil -1)
AMF Colonization Rate (%)

3.33±1.37
3.17±0.30
14.34±1.52

8.21±4.06
4.14±3.72
15.05±1.20

1.14
0.40
0.34

0.32
0.72
0.75

3.68
2.47
4.94

Bacteria alpha diversity
Fungal alpha diversity

606.65±2.22
176.21±1.80

561.33±17.96
176.23±2.51

-2.50
0.01

0.08
0.99

3.12
5.00
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3.9.2 Table 2. Detailed coefficients (F-values, p-values, and degrees of freedom (df)) from three-way analysis of variance. Significant pvalues (p≤0.05) are bolded.
Bioaugmentation ×
Bioaugmentation
Nutrient
Nutrient
Blockǂ
Residuals
Figure or
pFTable
Variable
F-value value df F-value p-value df
F-value p-value df
value p-value df
df
Table 1

Height

1.43

0.26

1

0.32

0.73

2

0.05

0.95

2

0.97

0.48

5

11

Table 1

2.56

0.14

1

0.01

0.99

2

0.91

0.43

2

1.16

0.39

5

11

0.00

0.99

1

1.09

0.37

2

2.45

0.13

2

0.74

0.61

5

11

Table 1

Number of shoots
Belowground
Biomass
Aboveground
Biomass

0.17

0.69

1

4.16

0.05

2

1.50

0.27

2

1.38

0.30

5

11

Figure 1a

Root C

1.88

0.20

1

4.36

0.04

2

3.72

0.06

2

1.01

0.45

5

11

Figure 1b

Root N

0.48

0.50

1

3.05

0.09

2

0.25

0.79

2

3.17

0.06

5

10

Figure 1c Soil Ammonium-N

1.57

0.24

1

1.37

0.29

2

4.03

0.05

2

0.57

0.72

5

11

Figure 1f

Soil Nitrate-N

3.12

0.10

1

0.42

0.67

2

1.13

0.35

2

1.20

0.36

4

13

Figure 1d

Soil C

0.01

0.91

1

5.90

0.02

2

5.19

0.03

2

1.18

0.38

5

11

Figure 1e

Soil N

1.57

0.23

1

5.18

0.02

2

2.11

0.16

2

1.13

0.40

5

12

Figure 3a

AMFc

0.00

0.96

1

11.03

<0.01

2

0.45

0.65

2

0.53

0.75

5

10

Figure 4a

FLNF rate

0.41

0.54

1

5.50

0.02

2

4.03

0.05

2

2.07

0.16

4

10

Figure 5a

CUE

3.07

0.11

1

3.90

0.06

2

9.48

<0.01

2

1.37

0.31

5

10

Figure S3a Bacterial Richness

36.52 <0.01 1

4.58

0.05

2

1.70

0.24

2

8.22

0.01

5

8

Figure S3b

Fungal Richness

2.76

0.13

1

0.64

0.55

2

3.39

0.08

2

2.51

0.11

4

10

Figure S4

Priming

0.49

0.50

1

0.38

0.69

2

3.08

0.08

2

1.38

0.29

5

13

Table 1
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3.9.3 Table 3. Mean (± standard error) of plant and soil characteristics across treatments.
Significant effects (p≤0.05) from ANOVA are displayed (n.s. = not significant) in the bottom
row, and lowercase letters denote significant pairwise differences determined by Tukey HSD
tests performed on significant main effects.
Bioaug.
Treatmen
t

(−)

(+)

Nutrient
Addition

Plant
height
(meters)

Number of
shoots

Shoot N
(mg g-1)

Shoot C
(mg g-1)

Soil N
(μg g-1)

Root N
(μg g-1)

None

1.60±0.02

13.25±1.25

10.95±1.26

434.17±1.2

4.27±0.35(a)

7.03±0.02

Inorgani
c

1.61±0.06

11.25±1.70

10.81±0.41

433.54±1.23

3.18±0.21(ab)

8.41±0.58

Organic

1.52±0.17

12.25±2.66

10.68±1.48

431.79±2.45

3.80±0.06(b)

9.32±0.49

None

1.71±0.19

8.75±1.18

9.34±1.16

431.79±0.64

3.97±0.20(a)

8.64±1.00

Inorgani
c

1.80±0.18

10.50±2.72

9.27±1.03

431.83±1.41

3.78±0.12(ab)

7.77±0.54

Organic

1.65±0.12

10.00±0.00

10.24±0.24

434.4±1.55

4.14±0.15(b)

8.09±0.54

n.s.

n.s.

n.s.

n.s.

Nutrient

n.s.

ANOVA
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4.1 Abstract
Cultivation of the bioproduct crop Miscanthus x giganteus (Miscanthus) on marginal
lands (e.g., anthropogenically damaged) is attractive due to the robust growth of Miscanthus,
leading to high yields even under typically stressful environmental conditions. Miscanthus
cultivation may also build soil carbon, which is favorable for land restoration and climate change
mitigation. However, gaps in our understanding of the mechanisms facilitating soil carbon
accumulation under Miscanthus persist, particularly regarding the role of the soil microbiome in
facilitating Miscanthus productivity and soil carbon storage on marginal lands. It also remains
unclear how land use histories (e.g. past disturbances) and management strategies (e.g., fertilizer
additions) affect these mechanisms. As such, we surveyed plant performance, soil properties, and
microbial parameters over the first three years of Miscanthus establishment across a gradient of
disturbance intensity and under varied fertilization strategies (none, organic, conventional). We
observed that plant performance (e.g., biomass yield) and the efficiency of microbial carbon use
increased over time during establishment but remained lower overall at the most intensely
disturbed site. There was no effect of nutrient addition on plant yield, soil carbon content, or
microbial function. While common factors (e.g., microbial CUE and bacterial diversity) were
related to soil carbon across all sites, whether soil carbon content increased with time depended
on site disturbance level. All told, we found that factors inherent to different disturbance
intensities regulated soil carbon cycling mechanisms and overall plant performance. Despite
disturbance history driven differences, Miscanthus facilitated the succession of soil properties at
the most intensely disturbed site toward that of the least disturbed site.
4.2 Introduction
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In response to the pressing need for climate change mitigation, achieving net carbon
neutrality is of marked interest in the scientific community. Also key in this effort is increasing
the use of renewable, plant-based feed stocks for energy and materials production (i.e.,
bioproduct crops). Bioproduct agriculture may contribute to both goals by providing plant
biomass for bioproducts and sequestering carbon in soil. Utilizing marginal lands (i.e., land
unsuitable for food agriculture production due to natural or anthropogenic degradation or
conditions) for bioproduct crop production could ease demands for arable land area, which is
needed for food agriculture. Marginal land is abundant, accounting for an estimated six billion
hectares globally (Gibbs and Salmon 2015). Depending on land use history, marginal lands may
experience conditions that are unfavorable for plant success, such as low soil nutrient contents,
poor soil structure, or altered hydrology, among other factors (Kang et al. 2013). As such,
candidate bioproduct crops must be robust to such stressors to be economically viable on
marginal lands. Miscanthus x giganteus (Miscanthus) is a particularly promising bioproduct crop
for cultivation on marginal land due to its high water and nutrient use efficiencies (Anderson et
al. 2011). Studies of Miscanthus growth on marginal soil suggest favorable results even under
such harsh conditions, like those present on land marginalized by surface mining (ScaglineMellor et al. 2018, Sahoo et al. 2019).
Economically viable energy and materials production from Miscanthus has been
demonstrated in field trials (Heaton et al. 2004, Anderson et al. 2011, Maughan et al. 2012,
McCalmont et al. 2017, Jeżowski et al. 2017, Götz et al. 2022). Such studies continue to emerge
showing that Miscanthus can be productive even under the conditions of marginal lands (e.g.,
Qin et al. 2015, Jeżowski et al. 2017, Scagline-Mellor et al. 2018, Wagner et al. 2019, Sahoo et
al. 2019, Zhang et al. 2020). Further, the propensity of Miscanthus agroecosystems to sequester
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carbon in soil has been noted in multiple studies (Clifton-Brown et al. 2007, Nakajima et al.
2018), including on marginal lands (Bazrgar et al. 2020, Al Souki et al. 2021).
The mechanism by which Miscanthus achieves successful growth and carbon
sequestration on marginal lands could be linked to the ability of Miscanthus to act as an
ecosystem engineer. Ecosystem engineers are organisms that transform resources, altering their
availability to other organisms in the ecosystem (Jones et al. 1994). When considering carbon
sequestration, of particular interest is the ability of Miscanthus to engineer the structure and
function of its soil microbiome, which is intimately linked to the storage and cycling of carbon.
This occurs as carbon is fixed during photosynthesis and translocated belowground, where it is
traded with microorganisms for nutrients, like nitrogen and phosphorous. Soil carbon is
dynamically cycled and stabilized by microbial activities that depend on plant-microbe
interactions, environmental conditions, microbial community composition, and many other
factors (Six et al. 2006). Despite the role microbes play in soil carbon stabilization, we lack a
data-driven, mechanistic understanding of how Miscanthus alters soil microbial community
structure and function leading to soil carbon. Understanding how Miscanthus acts as an
ecosystem engineer may enable producers to optimize soil carbon storage during Miscanthus
cultivation to restore marginal lands and mitigate climate change.
The fate of carbon in soil is intimately linked to the metabolic activity of bacteria and
fungi (hereafter, the soil microbiome). The soil microbiome is constantly working to decompose
organic matter (e.g., senesced plant litter, root exudates) with the goal of obtaining carbon and
nutrients to meet their energy and growth needs. Carbon is ‘spent’ on decomposition to attain
energy and nutrients for the synthesis of new biomass. As such, some carbon is lost as
respiratory costs, while some is incorporated into biomass. The balance of carbon lost to
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respiration versus incorporated into microbial biomass is quantified as microbial carbon use
efficiency (CUE). Since carbon assimilated into microbial biomass and necromass are closely
associated with soil minerals (Cotrufo et al. 2013) they preferentially form stable soil carbon
which impacts carbon sequestration making CUE is a metric of marked interest.
Many environmental factors can impact microbial CUE, including pH (Malik et al.
2018), temperature (Pold et al. 2020), and soil carbon to nitrogen ratio (Mooshammer et al.
2014). Changing abiotic conditions can cause changes in microbial CUE by shifting the CUE of
individual taxa or by changing community composition. Soil abiotic conditions affect CUE as
substrate quality and quantity, moisture, temperature, and pH can impact the metabolic costs
associated with nutrient acquisition (Sinsabaugh et al. 2013, Mooshammer et al. 2014,
Kallenbach et al. 2015). Further, microbial community composition can impact CUE due to
inherent differences in CUE amongst community members (Kallenbach et al. 2019). As such,
agricultural management practices and marginal land conditions can impact abiotic conditions
and microbial community composition resulting in changed CUE. Varying nutrient management
strategies may impact soil conditions, which may increase or decrease microbial CUE. For
example, conventional fertilization with inorganic mineral nutrients may foster fast-growing,
carbon-inefficient microbial communities (i.e., copiotrophs; Fierer et al. 2007, Roller and
Schmidt 2015). On the other hand, organic amendments (e.g., manure) may foster carbonefficient communities as they are considered a high-quality resource due to their low C:N
(Mooshammer et al. 2014, Kallenbach et al. 2019). Further, land disturbances often associated
with marginal lands can impact soil abiotic properties and microbial community composition
(DeGrood et al. 2005, McGee et al. 2019, Kane et al. 2020). Given this, we must consider land
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use history and agricultural management regimes to understand soil carbon sequestration in
agroecosystems established on marginal lands.
Complementary to the ability of Miscanthus agroecosystems to sequester carbon is the
mounting evidence that Miscanthus partners with specific microbial groups to promote nutrient
acquisition and robust growth under harsh conditions. For instance, Miscanthus provides carbon
rich rhizodeposits to microbial partners like plant growth promoting rhizobacteria (PGPR)
(Keymer and Kent 2014, Li et al. 2016) and arbuscular mycorrhizal fungi (Barnes et al. 2016).
These partners, in return for rhizodeposits, supply the plant with key resources for survival;
namely, water and nutrients. As such, these plant-microbe interactions may explain in part why
Miscanthus generally exhibits variable or no yield benefit in response to nutrient additions (Ma
et al. 2021, Studt et al. 2021). These plant investments belowground may bolster carbon
sequestration by increasing microbial CUE, resulting in more carbon stabilized on soil mineral
surfaces or physically protected inside soil aggregates (Six et al. 2006, Miltner et al. 2012,
Cotrufo et al. 2013). These partnerships may be especially favored on marginal lands where soil
structure is impaired and carbon and nutrient contents are low. However, we lack experimental,
field-based evidence of how microbiome structure and function impact soil carbon dynamics in
Miscanthus agroecosystems established on marginal land under varied agricultural management
regimes. Elucidating these microbially-mediated dynamics is critical in estimating the potential
of bioproduct agroecosystems to be economically viable while aiding in climate change
mitigation via carbon sequestration.
To fill this knowledge gap, we established Miscanthus stands on marginal lands across a
spectrum of disturbance intensities using two nutrient management strategies (organic and
conventional) and surveyed microbiome structure and function as well as soil carbon content and
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plant growth metrics over three growing seasons. We posit that Miscanthus engineers its
rhizosphere microbiome for optimized growth, resulting in higher microbial CUE and soil
carbon sequestration. Specifically, we hypothesize that 1) Miscanthus cultivation changes
microbial community structure and CUE and these changes are associated with an increase in
soil carbon content, 2) the addition of nutrients influences plant-microbe interactions and
associated soil carbon storage dynamics; and 3) Miscanthus cultivation improves soil health
(e.g., enhances microbial activity and diversity, increases carbon and nutrient contents) across
varied land disturbance intensities,.
4.3 Methods
To address our hypotheses, we established stands of Miscanthus in May 2019 on three
different sites which vary in disturbance level due to site history. At each site, plots experienced
one of four nutrient additions yearly (organic, low-rate inorganic, high-rate inorganic, or none).
At the peak of the growing season in years 1 (2019), 2 (2020), and 3 (2020), soil was collected
from each plot and assayed for soil carbon content, microbial CUE, and changes in microbial
community structure.
Site description and plot establishment
In the Spring of 2019, four sets of Miscanthus plots were established at West Virginia
University farms in Morgantown, WV, USA. The sites vary in their degree of anthropogenic
disturbance due to their land use history (as described by West Virginia Environmental
Protection Agency (WVEPA) and Office of Surface Mining Reclamation and Enforcement
(OSMRE) databases) and were categorized as low, moderate, or high disturbance sites. Two sites
were established on marginal land at the WVU Animal Science farm that experienced adjacent
surface and underground mining and are impacted by the resulting altered hydrology (Sites AS1
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and AS2, moderate disturbance). At the WVU Agronomy Farm, two sites were established; one
which was directly surface mined without reclamation (AG1, high disturbance) and one which
was not impacted by surface mining and has an agricultural land use history (AG2, low
disturbance).
At each site, sixteen 5-m2 plots were established. Prior to Miscanthus planting, existing
vegetation was eliminated by glyphosate application and plots were mechanically cultivated
using a tiller. Miscanthus x giganteus rhizomes (appx 10 cm in length) were washed and surfacesanitized using 70% ethanol to reduce transfer of the original soil microbiome. Rhizomes were
planted to a depth of 10 cm every 1-m2 resulting in 25 rhizomes per plot (Pyter et al 2009). Plots
were randomly selected to receive one of four fertilization treatments (organic, low-level
inorganic, high-level inorganic, or none) and each fertilization treatment was replicated four
times at each site resulting in 16 total plots per site. The total mass of Miscanthus rhizome added
was similar across plots (ANOVA; P > 0.10).
Fertilization treatments were applied identically each year in late May. Inorganic
fertilization was hand-broadcast evenly across the soil surface in the form of 19-19-19 N-P-K
fertilizer at rates of 150 kg ha-1 (low-level) and 300 kg ha-1 (high-level). This resulted in a
nitrogen addition rate of 28.5 kg ha-1 at the low level and 57 kg ha-1 at the high level. Organic
fertilization consisted of composted dairy manure which was analyzed for plant available
nitrogen content at the West Virginia University Soil Test Lab and added at a rate of 57 kg N ha1

, a rate similar to that applied in the low level of inorganic fertilization. In the first year (2019),

weeds were controlled by mechanical cultivation and application of Mesotrione, which causes
minimal damage to Miscanthus (Anderson et al. 2010). In years two and three (2020 and 2021),
no weed control was employed as the Miscanthus shaded out weeds early in the growing season.
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In year 2, rhizomes that failed to establish in year 1 were replaced using the same planting
methods as described above prior to nutrient application.
We performed NMDS analysis of measured soil properties (soil carbon and nitrogen
content, soil pH and conductivity, microbial biomass and activity) prior to Miscanthus
establishment or fertilization to confirm our a priori classification of sites as minimally,
moderately, or highly disturbed (Figure 1). We used SIMPER analysis (cite) to determine the soil
factors that most distinguished the disturbance levels. Both sets of plots at the Animal Science
farm were found to be similar with respect to soil properties (as described in the results). The two
sites at the Agronomy farm were distinct from each other and from the Animal Science plots,
confirming our previously established categories. As such the low (AG1) and high (AG2)
disturbance categories include 16 plots each, and the moderate disturbance category includes 32
plots (AS1 and AS2).
Soil sample collection
Starting in the first year of establishment (2019) soil samples were taken at the peak of
the growing seasons (~late July). Within each plot, three 1m2 areas containing Miscanthus plants
were randomly selected for sampling and soil was collected at the base of Miscanthus plants to a
depth of 10 cm using a trowel. The three subsamples were combined and homogenized resulting
in one composite sample from each plot. Following collection, soil was transported to the lab on
ice. In total, this resulted in soil samples collected at the peak of the first three growing seasons.
A portion of each sample was 1) air dried for soil carbon analysis 2) refrigerated for microbial
activity analyses and 3) frozen at -80C for molecular analysis.
Miscanthus performance
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Annually, plant height was measured to the height of the tallest shoot and the number of
shoots was counted. In years 2 and 3, biomass yield was measured as described in ScaglineMellor et al. (2018). Briefly, Miscanthus biomass within the same 1 m2 areas used for soil
sampling was cut to a height of 10 cm and weighed in the field. A subsample of this biomass was
dried at 50 C for 48 h then reweighed to determine moisture content, then kilograms biomass per
m2 was calculated and converted to megagrams (Mg) per hectare.
Soil pH, conductivity, carbon, and nitrogen analysis
Air dried soil was sieved to 2 mm and used to in the analysis of total carbon and nitrogen,
which were determined by combustion of ~500 mg of soil using a vario MAX cube (Elementar).
Microbial carbon use efficiency and respiration measurements
Microbial carbon use efficiency (CUE) was determined following Geyer et al. (2019) as
described in Kane et al. (2022). Briefly, twenty grams (dry-weight equivalent) of fresh soil from
each plot were added to a 1-liter Mason jar and adjusted to a consistent moisture (~40%). To
track the fate of an added substrate into either microbial biomass or respiration, 13C-labeled
glucose (99 atom % 13C) was added to each jar at a rate of 500 ug C g soil-1. A parallel
incubation was conducted identically without any added carbon to enable estimation of microbial
respiration and biomass carbon. On days 1, 3, and 5 of the incubation, 10 mL gas samples were
taken from the headspace of each jar and analyzed for CO2 concentration using a LI-COR
6400XT. Atom % 13C of the headspace was determined using a Picarro isotopic analyzer.
Following each gas sampling, jars were opened to replenish the headspace. At the end of the
incubation, total and 13C-labeled microbial biomass carbon was determined using chloroform
slurry and persulfate digestion methods (Witt et al. 2000, Doyle et al. 2004). Carbon use
efficiency was then calculated as 13C-biomass/(13C-biomass + 13C-respired) (Geyer et al. 2019).
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Microbial community composition analysis
Microbial community composition was analyzed as described in Kane et al. (2022a,
2022b). Briefly, DNA was extracted from frozen soil using the Qiagen DNeasy Powersoil Pro kit
following the manufacturer’s instructions and quantified using a Qubit 4 Fluorometer (Fisher
Scientific, Waltham, MA, USA). To determine community composition, 16S V4 (bacteria) and
internal transcribed spacer (ITS, fungi) rRNA gene regions were amplified following the Earth
Microbiome Project standard protocols (Thompson et al. 2017). Resulting DNA libraries were
sequenced at the University of Minnesota Genomics Center (Minneapolis, MN, USA) on the
Illumina MiSeq platform (2 x 300 bp-length reads).
Downstream analysis of sequencing data was conducted in QIIME2 (Caporaso et al.
2010, Bolyen et al 2019) version 2022.2 as described in Kane et al. (2022a,b). Quality control
and denoising were performed separately for each sequencing run. Prior to denoising, paired-end
reads were merged using the VSEARCH algorithm (Rognes et al. 2016) and reads with a quality
score of <20 were discarded (Bokulich et al. 2013). Denoising was performed using Deblur
(Amir et al. 2017), with sequence trim lengths of 220 for ITS sequences and 200 for 16S
sequences. For denoising and taxonomy assignment, reference sequences were obtained from the
SILVA (version 138, Quast et al. 2013) and UNITE (version 8, Nilsson et al. 2019) databases for
16S and ITS sequences respectively. Feature tables from each sequencing run were merged using
the ‘qiime feature-table merge-seqs’ plugin. Merged data sets were then rarefied to the sample
with the lowest number of sequences (3,000 for ITS and 1,900 for 16S rRNA genes). Alpha and
beta diversity metrics were generated using the ‘qiime diversity core-metrics’ plugin.
Statistical Analysis
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All statistics were conducted using R statistical software (version 4.1.0) within R studio
(version 1.4.1717) with an alpha level of 0.05 considered statistically significant (R Core Team
2021). Normality of data residuals was visualized using quantile-quantile plots, and log
transformations were applied to improve normality of data where necessary. To detect
statistically significant differences between disturbance levels, fertilization treatments, and years,
three-way analysis of variance (ANOVA) was employed (‘aov’ function in R package ‘stats’)
allowing interactions between factors. To account for the repeated sampling of plots over time, a
random effect of plot was used in the ANOVA model. For significant model factors, Tukey’s
HSD test (‘TukeyHSD’ function, “stats” package, R Core Team 2021) was applied to identify
pairwise significant differences. Where there were no significant differences amongst model
factors, data was aggregated for visualization (e.g., pooled across all nutrient treatments with
disturbance level and year).
Non-metric multi-dimensional scaling analysis (NMDS) was conducted (‘metaMDS’
function in ‘vegan’) using Bray-Curtis distance determine differences in soil chemical and
biological factors over the study period amongst the disturbance levels. Soil factors included in
this analysis were soil carbon content, soil nitrogen content, soil C:N, bacterial and fungal
Shannon’s diversity, microbial biomass carbon, microbial respiration, and microbial CUE.
Following NMDS analysis, ANOSIM and perMANOVA (‘adonis’ function, ‘vegan’ package)
was employed to test for significant differences across time and disturbance levels.
Differences in fungal and bacterial alpha diversity metrics between nutrient treatments,
disturbance levels, and establishment year were determined using three-way ANOVA as
described above. To assess the impact of disturbance level, establishment year, nutrient treatment
on AMF abundance, we mined taxonomic relative abundance data for fungal groups identified as
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AMF. Groups known to be AMF were identified as groups within the phylum Glomeromycota
(Stürmer 2012) and their relative abundance was summed to represent total AMF abundance in
each plot at each time point. Differences in AMF abundance were detected using three-way
ANOVAs as described above. To determine which plant, microbial, and soil factors covaried
over the course of Miscanthus establishment across the disturbance classes, we constructed a
Spearman’s rank correlation matrix using the ‘corrplot’ function in R. We considered
correlations with a p-value < 0.05 statistically significant.
4.4 Results
Initial soil health indicators across disturbance levels
Consistent with our a priori disturbance level classifications, initial soil carbon, soil
nitrogen, and soil C:N varied depending on site disturbance level (Figure 1). The highly
disturbed site was characterized by higher soil carbon and lower soil nitrogen resulting in a
higher soil C:N.
Miscanthus Productivity
Aboveground plant biomass yield increased significantly between 2020 and 2021 in all
disturbance levels (Year p<0.01; Figure 2) and was significantly lower at the high disturbance
site (Disturbance p<0.05; Figure 2) but did not respond to fertilization. Plant height increased
with time in all disturbance levels (Year p<0.01; Table 1) and varied with disturbance level
under some fertilization regimes (Treatment x Disturbance p=0.03; Table 2). This was driven by
reduced plant height in the moderately disturbed site under the low level of conventional
fertilization (Table 2). Likewise, the number of stems increased with time (Year p<0.01; Table 1)
and with disturbance level under some fertilization regimes (Treatment x Disturbance p<0.01;

92

Table 1). This effect was driven by lower stem number at the highly disturbed site, and
differences were most dramatic under low levels of conventional fertilization (Table 1).
Soil chemistry
Soil carbon content was not impacted by fertilization treatment, but varied over time
depending on site disturbance level (Year x Disturbance p<0.01; Figure 3). At the low
disturbance site, soil carbon trended toward an increase with time, but this was not statistically
significant. Similarly, no differences in soil C were determined at the high disturbance site.
However, soil C increased with time at the moderate disturbance site (p<0.05) (Figure 3). Soil
nitrogen content likewise varied with time depending on disturbance level (Year x Disturbance
p<0.01; Table 1) and peaked in 2020 before decreasing again 2021. Soil C/N varied with time
depending on disturbance class, with an increase over the three growing seasons at the least
disturbed site and increases between 2020 and 2021 at the moderately and highly disturbed sites
(Year x Disturbance p <0.01). There was no effect of nutrient treatment on soil carbon, soil
nitrogen, or soil C/N (Table 1; all p>0.40).
Microbial biomass and CUE
Microbial CUE increased significantly with time in all disturbance levels (Time p<0.01;
Fig. 4) and was highest overall at the low disturbance sites as compared to the high disturbance
site (Disturbance p<0.01; Fig. 4) but was unaffected by fertilization (p=0.67). Microbial biomass
carbon increased with time regardless of disturbance level or nutrient treatment (Year p<0.01;
Figure 5).
Microbial diversity and abundance
There were no significant effects of fertilization on microbial diversity or AMF
abundance. Bacterial community richness and evenness both increased over time, and the
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magnitude of these increases depended on disturbance level (Disturbance x Year p<0.05; Figure
6). For bacterial evenness, the highly disturbed site exhibited the biggest increase in bacterial
evenness from year 1 to year 2 (Figure 6) while bacterial richness was highest at the moderately
disturbed sites (Figure 6). On the other hand, fungal evenness decreased in year 3 regardless of
disturbance class (Year p<0.05). Fungal richness increased from year 1 to year 2, and decreased
in year 3, with the magnitude of this reduction depending on disturbance level (Disturbance x
Time p<0.05). Total AMF abundance increased over time at all sites, but this was most
pronounced in the highly disturbed site (Disturbance x Time p<0.05; Fig 7), with AMF
accounting for ~10% of the fungal sequences in 2021.
Correlation matrix to explain drivers of carbon storage
Improvements in plant performance during early Miscanthus establishment were related
to common microbial factors across the disturbance levels. For instance, plant height and stem
number positively both correlated with microbial CUE, microbial biomass carbon, and bacterial
diversity, and AMF abundance (Figure 8, p<0.05). Soil carbon was consistently correlated with
microbial CUE and bacterial diversity across disturbance levels (Figure 8, p<0.05).
Change in soil chemical and biological factors over time across disturbance levels
The chemical and biological indicators of soil health assessed initially were influenced
by disturbance level and changed over time (PerMANOVA). Interestingly, the indicators of soil
health became increasingly similar over time during Miscanthus establishment (Fig. 9, NMDS
stress = 0.09) reducing the differences initially observed across the disturbance levels.
4.5 Discussion
To better understand the mechanisms driving soil carbon storage during Miscanthus x
giganteus establishment on marginal land, we surveyed plant, soil, and microbial parameters
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over three growing seasons across a gradient of disturbance intensity. Hypothesis 1 was partially
supported, with soil carbon content increasing significantly only at the moderately disturbed site
and trending upward at the low disturbance site. This was true despite increases in microbial
CUE and biomass carbon over time across all treatment and disturbance scenarios, suggesting
that more time may be needed for soil carbon to accumulate depending on disturbance levelspecific factors. Hypothesis 2 was not supported, as there was no effect of nutrient treatment on
soil carbon content or microbial factors. Finally, hypothesis 3 was supported by common trends
in soil carbon storage, microbial diversity, and plant performance regardless of disturbance
intensity (Figure 9).
Soil properties across disturbance levels converged over time with Miscanthus cultivation
Across all site disturbance levels, plant characteristics (height, number of stems) and soil
carbon content covaried with microbial carbon use efficiency and bacterial diversity (Figure 8).
Multivariate analysis suggests that Miscanthus cultivation acted a homogenizing force across
disturbance levels, evidenced by the convergence of soil chemical and biological properties over
time toward that of the least disturbed site (Figure 9). This emphasizes the ability of Miscanthus
to act as an ecosystem engineer in the recovery of damaged lands and supports the utility of
Miscanthus cultivation in land restoration efforts. Such restorative influences of Miscanthus on
damaged soil has been recorded in the literature in the context of metal-contaminated soils
(Pogrzeba et al. 2017) and in conversion of arable land to Miscanthus cultivation (Nakajima et
al. 2018). Our data suggest that the mechanism by which Miscanthus facilitates recovery may be
the interaction of plant organic matter inputs with microbial community structure and function.
Specifically, we observed that microbial CUE, microbial biomass carbon, bacterial diversity, and
AMF abundance increased with Miscanthus cultivation. This suggests that, despite overall lower
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biomass yields, cultivating Miscanthus on severely degraded lands facilitates shifts in chemical
and biological properties to resemble more closely that of a relatively undisturbed landscape.
Little influence of nutrient treatment on plant performance, microbial function, or soil carbon
In opposition to Hypothesis 2, we observed only a few highly variable impacts of nutrient
treatment on our measures of plant performance and no effect on microbial parameters (Table 2).
This is consistent with other Miscanthus fertilization studies showing no or variable response to
fertilization, or that fertilization does not increase yields until later stand ages (Arundale et al.
2014, Ma et al. 2021). Insensitivity to fertilization may be attributable to the high nitrogen use
efficiency of Miscanthus (Studt et al. 2021). The copious organic matter inputs provided by
miscanthus to the soil may stimulate microbial activities that liberate N (N-mineralization; Davis
et al. 2013) reducing benefit of fertilization. While below ground carbon inputs (e.g., root litter
and exudation) are difficult to quantify (Pausch and Kuzyakov 2018) they often correlated with
above ground performance through their influence on microbial function (Hassan et al. 2019).
Indeed, regardless of disturbance level, plant performance (height, stems, yield) was correlated
positively with AMF abundance, bacterial diversity, microbial biomass, and microbial carbon
use efficiency suggesting that Miscanthus stimulates soil microbial communities (Figure 8a,b).
Bacterial alpha diversity (richness and evenness) increased over time across all sites (Fig 6)
likely due to an increase soil organic matter inputs reducing microbial competition and
stimulating the microbial food web. This finding is consistent with past studies demonstrating
that bacterial diversity increases following increased detrital inputs, perhaps due to positive
influences of those inputs on bacterial decomposer resource quality and quantity (Palmer et al.
2000, Moore et al. 2004).
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Miscanthus also invests resources in relationships with obligate symbionts like AMF
(Sarkar et al. 2015, Kane et al. 2022b). Our data suggests Miscanthus-driven AMF recruitment
was highest at the highly disturbed site (Figure 7), and that AMF abundance was positively
correlated with plant height and number of stems across all sites (Figure 8a-c). There was also a
distinct pattern of increase in AMF abundance at the highly disturbed site in year 3 (Figure 7),
suggesting increased plant investment in AMF perhaps to maintain growth under the relatively
N-limited conditions (high soil C/N; Table 1). At the low and moderate disturbance sites, AMF
abundance was positively correlated with soil carbon (Fig 8a,b), potentially due to the transport
of carbon to become stabilized (e.g., on mineral microsites) by hyphal soil exploration (See et al.
2022). At the high disturbance site, there was not a significant relationship of AMF abundance
with soil carbon (Fig 8c). Considered alongside the lack of soil carbon accumulation at the high
disturbance site (Figure 1) this may be related to the relatively lower microbial CUE that we
observed at this site (i.e., more carbon lost to respiration). This is further supported by the
relationship between soil carbon and microbial CUE observed across all sites (Fig 8c). These
data suggest the disturbance-dependent dynamics of Miscanthus-AMF partnerships which shape
plant productivity and soil carbon content aligning with other studies of Miscanthus AMF
dynamics in marginal soils (Kane et al 2022b). A clear next step in cultivating this knowledge is
to survey AMF colonization of Miscanthus more explicitly by root staining or root DNA
analysis.
Disturbance level determines mediators of soil carbon storage and plant yield
We observed that changes in soil carbon and plant biomass yield depended on site
disturbance level. For example, soil carbon only significantly increased with time at the
moderately disturbed site (Figure 3) despite increases in plant yield (Figure 2) and microbial
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carbon use efficiency (Figure 4) with time at all sites. Rowe et al. (2016) noted that during early
Miscanthus establishment, changes in soil carbon content over time were most profound when
the initial soil carbon content was low. This aligns with the concept of soil carbon saturation,
where the potential amount of carbon sequestered into soil is highest when initial soil carbon is
low and the potential for carbon stabilization (e.g., within aggregates) in soil is high (Stewart et
al. 2007, Chung et al. 2008). This may be why we only observed a significant increase in soil
carbon content at the moderately disturbed site, where soil carbon was initially the lowest (Fig
3). Further, our study was conducted during early Miscanthus establishment and only spanned
three growing seasons. As such, soil carbon accumulation may become evident over time as
establishment continues.
4.6 Conclusions
We surveyed plant performance alongside soil chemical and biological properties during
the early establishment of Miscanthus in the context of various disturbance levels and nutrient
management scenarios. We were specifically interested in the mechanisms governing soil carbon
storage during early Miscanthus establishment on marginal lands. We observed that, over time
across all disturbance levels, soil biological properties improved during Miscanthus cultivation
(increased microbial diversity, biomass, and CUE). Trends in soil chemical properties were more
nuanced, with soil carbon only significantly increasing at the moderately disturbed site and
trending toward increase at the low disturbance site. Nevertheless, microbial diversity and CUE
were associated with plant performance and soil carbon storage across all sites. This suggests
that, despite varying site disturbance levels, Miscanthus acted as an ecosystem engineer by
shaping soil microbial diversity and activity. While our data are compelling, more in-depth
analyses of plant, microbial, and soil parameters are necessary to solidify these trends. Notably,

98

our study only spanned the first three growing seasons, and therefore lack explanatory power for
the influence of Miscanthus over the long-term. Nevertheless, our data suggest that cultivating
Miscanthus on marginal lands is feasible and restorative, even on severely disturbed lands.
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4.8 Figures
4.8.1 Figure 1

a)

b
p<0.01

ab

b)

c)

a

b
p<0.01

p<0.01

a
b

a

a

b

Figure 1. Differences in a) soil carbon, b) soil nitrogen, and c) soil C:N across disturbance levels
in year 1 of Miscanthus establishment. Letters represent pairwise significant differences between
disturbance levels as determined by ANOVA.
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4.8.2 Figure 2
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Figure 2. Mean (±SE) of Miscanthus yield over time in each disturbance class. Differences were
determined by a three-way ANOVA with fertilization, disturbance class, and year as factors and
Tukey’s HSD post hoc test. There was no effect of fertilization treatment on yield, so data
averaged across fertilization treatments to show differences between years (capital letters)
disturbance classes (lowercase letters).
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4.8.3 Figure 3
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Figure 3. Mean (±SE) of soil carbon content over time in each disturbance class. Differences
were determined by a three-way ANOVA with fertilization, disturbance class, and year as factors
and Tukey’s HSD post hoc test. There was no effect of fertilization treatment on soil carbon
content, so data were combined by disturbance class and year. Letters represent pairwise
differences between years and disturbance levels.
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4.8.4 Figure 4
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Figure 4. Mean (±SE) of carbon use efficiency over time in each disturbance class. Statistical
significance was determined by a three-way ANOVA with fertilization, disturbance class, and
year as factors. There was no effect of fertilization treatment on CUE, so data were combined by
site and year. Letters represent pairwise differences between year (capital) and disturbance level
(lowercase) as determined by Tukey’s HSD test.
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4.8.5 Figure 5
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Figure 5. Mean (±SE) values for microbial biomass carbon over. Statistical significance was
determined by a three-way ANOVA with fertilization, disturbance class, and year as factors.
There was no effect of fertilization treatment or disturbance class, so data were aggregated.
Pairwise significance was determined using Tukey’s HSD test. Letters represent pairwise
differences between years.
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4.8.6 Figure 6
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Figure 6. Mean (±SE) values for microbial richness and evenness over time in each disturbance
class. Statistical significance was determined by a three-way ANOVA with fertilization,
disturbance class, and year as factors. There was no effect of fertilization treatment, so data were
combined by site and year. Pairwise significance was determined using Tukey’s HSD test.
Letters represent significant pairwise differences.
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4.8.7 Figure 7

*Year x Disturbance

AMF Relative Abundance
(%, log scale)

d

c

bc

c

c

ab
a

a

a

Figure 7. Relative abundance of AMF (mean ±SE) over time in each disturbance class. Log
transformation was performed on the y-axis. Letters represent pairwise differences between year
and disturbance level as determined via three-way ANOVA (fertilization, disturbance class, and
year) and Tukey’s HSD test.
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4.8.8 Figure 8

a)
Low

c)
High

b)
Moderate

107

Figure 8. Correlation matrices (Spearman’s r) for measured variables at low (a), moderate (b),
and high (c) disturbance levels; only significant (p<0.05) values are displayed.

4.8.9 Figure 9

NMDS
Stress = 0.09
ANOSIM
2
R = 0.67, p<0.01
PerMANOVA
Year p <0.01
Disturbance p=0.08
Year x Disturbance p=0.43

Figure 9. NMDS ordination of soil chemical and biological factors across disturbance levels
(colors) and over time (shapes) with Miscanthus establishment. Soil carbon, soil nitrogen, soil
C/N, microbial diversity, microbial biomass carbon, microbial respiration, and microbial CUE
data from years 1, 2, and 3 were used in the NMDS analysis. ANOSIM was used to assess model
fit and two-way perMANOVA with year, disturbance level, and their interaction was determined
to assess differences across time and disturbance class.
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4.9 Tables
4.9.1 Table 1. Mean (±SE) values for soil N content, soil C/N, and soil pH over time in each
disturbance class. Statistical significance was determined by a three-way ANOVA with
fertilization, disturbance class, and year as factors. There was no effect of fertilization treatment
so data were combined by disturbance class and year.. For soil pH, capital letters represent
pairwise differences (Tukey’s HSD test) between disturbance classes while lowercase letters
represent pairwise differences between year (year by disturbance interaction not significant). For
soil N and soil C/N, lowercase letters represent pairwise significant differences from the
interactive effect of Disturbance x Year.

Disturbance
Low

Moderate

High

Year
2019
2020
2021
2019
2020
2021
2019
2020
2021
ANOVA

-1

Soil N (mg g soil )
3.75±0.24(bcd)
4.27±0.12(d)
3.37±0.07(ab)
3.38±0.09(ab)
4.00±0.06(cd)
3.55±0.07(bc)
3.26±0.21(ab)
3.80±0.18(bcd)
2.88±0.14(a)

Soil C/N
7.43±0.64(a)
9.25±0.11(b)
11.98±0.09(c)
8.82±0.07(b)
9.24±0.05(b)
12.00±0.06(c)
12.05±0.46(c)
12.69±0.39(c)
14.45±0.27(d)

Disturbance x Year

Disturbance x Year
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4.9.2 Table 2. Mean (±SE) values for plant characteristics. Three-way ANOVA revealed an
effect of Year and an interactive effect of Treatment x Disturbance. The main effect of year was
characterized by significant differences between 2019 and 2020, 2020 and 2021, and 2019 and
2021 for both stem number and plant height. Average over time and pairwise differences
(Tukey’s HSD test) detected by the treatment x disturbance interaction are displayed in the Trt x
Dist row as Means (±SE) and lowercase letters.

Stem Number
ANOVA: Year, Treatment x Disturbance

Disturbance
Low

Year
2019
2020
2021
Trt x Dist

Moderate

2019
2020
2021
Trt x Dist

High

2019
2020
2021
Trt x Dist

Plant Height (meters)
ANOVA: Year, Treatment x Disturbance
Low
High
Control Low Conv. High Conv. Organic
Control
Conv.
Conv.
Organic
4.24±0.25 7.01±0.55 4.62±0.42 5.55±0.66 1.4±0.16 1.61±0.05 1.46±0.07 1.42±0.03
11.89±1.57 22.5±3.55 12.67±1.05 12.67±1.85 2.06±0.29 2.72±0.05 2.1±0.22 1.96±0.31
19.56±5.13
12.77±2.29
(abc)
6.03±0.41
22.15±2.14
28.56±3.55
19.35±2.51
(cde)
3.61±0.31
8.25±1.89
14.83±3.45
8.9±1.83
(ab)

39.33±3.52
22.95±4.26
(de)
7.3±0.61
24±2.81
28.96±3.18
20.09±2.36
(cde)
3.12±0.37
5.75±1.42
13.75±3.08
7.54±1.71
(a)

26.08±7.57
14.46±3.53
(abcd)
6.74±0.72
28.54±3.04
35.17±4.4
23.48±3.06
(cde)
3.46±0.25
7.5±1.46
19.25±2.41
10.07±2.19
(ab)

33.92±3.29
17.38±3.81
(bcde)
6.03±0.55
19.71±2.57
34.38±3.7
20.04±2.81
(cde)
3.78±0.19
7.25±1.99
22.33±3.63
11.12±2.73
(ab)

3.55±0.25
2.35±0.29
(ab)
1.2±0.08
2.23±0.12
3.7±0.08
2.38±0.22
(ab)
1.43±0.11
2.94±0.08
3.76±0.15
2.71±0.30
(bc)

3.79±0.06
2.71±0.27
(bc)
1.3±0.11
2.02±0.09
3.7±0.06
2.34±0.22
(a)
1.3±0.07
2.8±0.09
3.85±0.18
2.65±0.32
(abc)

3.61±0.16
2.39±0.29
(abc)
1.41±0.05
2.32±0.12
3.8±0.07
2.51±0.21
(abc)
1.49±0.03
2.79±0.18
3.67±0.38
2.65±0.30
(abc)
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3.74±0.09
2.37±0.31
(abc)
1.24±0.11
2.15±0.12
3.85±0.05
2.41±0.23
(abc)
1.5±0.1
2.86±0.16
3.92±0.14
2.76±0.31
(c)
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Chapter 5
5.1 Conclusions
In this doctoral dissertation, I investigated microbially-mediated soil biogeochemical
cycles in a forest soil with a manipulated soil food web (Chapter 2) and in Miscanthus x
giganteus cultivated under two different scenarios: 1) in the greenhouse to assess the interactive
effects of nutrient addition and bioaugmentation (Chapter 3) and 2) in the field across a spectrum
of disturbance intensities and nutrient additions (Chapter 4). I broadly found that manipulating
the soil microbiome in all contexts resulted in shifts in microbial community composition (e.g.,
diversity) and function (e.g. CUE). Still, these shifts were highly context dependent.
In Chapter 2, selective consumption of fungi stimulated carbon and nitrogen cycling and
decreased microbial CUE. This decreased CUE correlated with bacterial diversity, suggesting the
importance of trophic cascades (i.e., the impact of consumption even on non-consumed
resources) in soil food webs. The impact of soil trophic dynamics on carbon and nitrogen cycles
is one major gap in efforts to represent microbes more explicitly in ecosystem models, and my
findings confirm the need to more accurately do so. The experiment that I performed was a step
in the right direction, as it measured the direct and cascading impacts of consumption on a whole
native soil microbial community using modern molecular tools. Nevertheless, my experiment
only probed a tiny amount of the trophic diversity that occurs in food webs. There is still much to
be learned about how other consumers of the microbiome, for example generalist consumers,
impact these cycles. Further, changing environmental conditions, like climate warming and land
use change, can impact these dynamics (Eisenhauer et al. 2012, de Vries et al. 2012). Linking
soil trophic dynamics to biogeochemical processes under varied environmental conditions should
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remain an ongoing effort in the field of microbial ecology in order to more accurately understand
and predict biogeochemical cycles (Thakur and Geisen 2019).
My work with Miscanthus x giganteus in Chapters 3 and 4 revealed the complex and
nuanced ways that microbial ecology moderates plant performance and carbon cycling in
marginal soils. In our greenhouse study (Chapter 3), that plant biomass was bolstered by organic
nutrient amendments but only when bioaugmentation (a whole microbiome transplant) was also
applied. This suggests the importance of microbial partners in liberating nutrients before plants
can benefit from organic matter. We also observed in the greenhouse study that plant-growth
promoting microbial functions (mycorrhizal associations, free-living nitrogen fixation) remained
constant with nutrient addition if bioaugmentation was also applied but decreased in the absence
of bioaugmentation. These results indicate that managing microbial communities interacts with
chemical and organic fertilizer impacts to determine plant performance as well as soil carbon and
nitrogen cycling. We also found preliminary evidence for Miscanthus root trait plasticity in
response to nutrient addition in order to regulate microbial functions (e.g., moderating root tissue
composition and litter quality). While suggestive, more in-depth root traits analysis is required
fully elucidate this connection, which I hope to pursue further in my post-doctoral career.
Despite these limitations, this study is one of the first to survey the interactive effect of
bioaugmentation and nutrient addition on Miscanthus growth and Micanthus-microbe
interactions, laying the groundwork for future work in these areas.
Notably, the impacts of fertilization that we observed in the greenhouse did not directly
translate to the field setting (Chapter 4), as we saw no clear impact of nutrient addition on plant
biomass. We instead saw a strong influence of site disturbance level (i.e., degree of surface
mining disturbance and the associated soil factors) on plant, soil, and microbial factors. Soil
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carbon only increased in the low and moderate disturbance sites, and soil carbon was correlated
to different factors at each disturbance level. Most notable was the connection of plant
performance to soil carbon content at low and moderate disturbance, while only microbial
functions and soil chemical characteristics predicted soil carbon at the highly disturbed site. The
strong association of AMF abundance with time at the high disturbance site, which seemed to be
nitrogen limited, suggested a trade-off in resource use in order to extract nutrients from soil
which may explain why there was no increase in soil carbon when disturbance was high.
Nevertheless, increases in plant biomass, microbial CUE, and bacterial diversity over time were
found across all sites. Further, NMDS analysis of soil properties over time and disturbance
classes showed the increasing similarity of the highly disturbed site to the low disturbance site.
This suggests that despite differences in plant-soil-microbe feedbacks, Miscanthus acts as an
ecosystem engineer in during land restoration.
All told, my dissertation experiments manipulated animal (Chapter 2), bacterial & fungal
(Chapter 3), and plant (Chapter 4) components of ecosystems demonstrating that soil carbon
cycling is extremely sensitive to cross-kingdom interactions. While past work has documented
the influence of plant and animal species composition on soil microbiomes, my work is advances
scientific knowledge because it connects cross-kingdom interactions with the efficiency of
carbon use in soil. Interestingly, bacterial diversity was correlated with microbial CUE in both
Chapter 2 and Chapter 4. This is consistent with past studies microcosm studies and suggests
changes in bacterial diversity may mediate the indirect effects of plants and animals on soil
carbon cycling. In conclusion, this dissertation sheds light on the unseen life hidden below
ground, with findings relevant to understanding how microbes impact our climate and sustain our
crops, all while uncovering new mysteries to inspire future discovery.
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